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A.Historical review. 
Measurements of airway resistance in hurran subjects have interested 
physiologists for nearly half a century.Before that time technical 
difficulties impaired the measurement of airway resistance,although 
mathematical analysis of fluid mechanics,facilitating the solution 
of problems concerning flow mechanics of gases,started about three 
centuries ago. Torricelli(1644) described the flow velocity of a 
liquid through a small orifice and was able to develop a formula for 
it: flow velocity is directly proportional to the square root of twice 
the product of acceleration of gravity and the height from which the 
liquid flows.Tvro centuries later Poiseuille (1841) investigated the 
dynamics of blood flow through blood vessels. He discovered that flow 
velocity through a tube is directly proportional to the pressure 
gradient.Osborne Reynolds(1863) distinguished between laminar and tur­
bulent flow patterns in coloured liquids. 
Rohrer (1915) was the first who applied the knowledge of fluid mecha­
nics to the measurements of airway resistance using an anatomical pre­
paration of the human lung. He divided the total airway into: 
- upper airways: mouth 
larynx 
glottis 
- lower airways: trachea 
bronchus and bronchioli 
Rohrer supposed that gas flow through the lower airways was laminar, 
but turbulent in the upper airways.From this assunption and che exact 
measurement of airway dimensions in the different parts of the respi­
ratory tract he was able to calculate airway resistance. It must be 
stressed once irore that Rohrer' s conclusions concerning airway resis­
tance resulted from anatomical studies of the lung. 
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In 1927 von Neergaard and Wirz measured airway resistance directly in 
subjects. At that time it was possible to measure flow velocity and 
volume flow. However, a direct measurement of the pressure gradient 
between alveolar space and environment, necessary to calculate airway 
resistance, was incessible. Therefore they developed the "airway 
interruption nethod". In this method alveolar pressure is supposed to 
be equal to mouth pressure during interruption of the flow at the rrouth 
by a shutter for 0.1 s · 
The value of the mouth pressure at the moment of interruption is divided 
by the value of volume flow just before and after the rroment of inter­
ruption and so airway resistance can be calculated. The "airway inter­
ruption method" was corrected by Vuilleumier (1944) and Otis and 
Proctor (1948). 
Mead and Whittenberger (1954) criticized this method and proved that, 
although nouth pressure is about the same as the dynamic component of 
ventilatory pressure (alveolar pressure) during interruption, the 
alveolar pressure just before interruption, at least theoretically, is 
not necessarily the same as when airflow is stopped. 
DuBois, Botelho and Comroe (1956) introduced a new technique of 
measuring alveolar pressure by means of a body Plethysmograph. 
Since we also used this apparatus a description of this method will be 
given later (Section В of this chapter). 
Fisher, DuBois and Hyde (1968) published another technique of airway 
resistance measurement. They added to the gas flow of the spontaneous 
respiration a forced çscillation of 50 ml of air with a small pump. 
The pressure necessary to push this volume into the airways is known. 
The volume flow is measured with a pneumotachograph. The frequency of 
the pump has to be equal to the resonance frequency of the system 
because only in this situation impedance is equal to resistance. The 
resonance frequency, however, is hard to obtain and this is the 
difficulty of this method. 
In 1970 Sobol published a technique which to some extent resembled the 
"airway interruption method" of von Neergaard and Wirz. The inter-
ruption time was even shorter than that of von Neergaard and Wirz. 
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Vooren(1976) introduced a modification of the "airway interruption 
method" by neasuring the pressure in the mouth at the end of the 
interruption period of 0.15 - 0.4 s ,and the volume flow just after 
the interruption. 
As a criticism of these different interruption techniques we like to 
point out the fact that pressure measured during interruption and 
volume flow measured immediately before or after interruption,are 
put together into a quotient representing the airway resistance which 
is according to the definition of DuBois et al.(1956):"...the ratio 
of alveolar pressure to airflow at a particular time", i.e.the same time. 
The Plethysmographie technique of DuBois et al.(1956) provides the 
opportunity to measure pressure gradient and volume flow at exactly 
the sane moment whereas a pressure equilibrium between pressures in 
alveoli and nouth is obtained during a relatively long period of about 
2 seconds. 
B. The body Plethysmograph. 
A Plethysmograph is an apparatus that measures volume changes of a part 
of the body. The body Plethysmograph measures volume changes of the 
whole body. It consists of an airtight box in which the subject is en­
closed breathing air frem or into the Plethysmograph. 
During respiration of the subject a pressure gradient between alveolar 
space and Plethysmograph is necessary to move gas into or out of the 
lungs. This pressure gradient is obtained by compression or deoorrpression 
of the gas volume in the thorax resulting in volume changes of the body. 
These volume changes of the body are measured by the body Plethysmograph. 
One can distinguish two types of body Plethysmographs: 
1. The constant - volume Plethysmograph. 
In this type changes of the body volume are measured as pressure 
changes in the Plethysmograph (ΔΡ ). 
The gas volume of the Plethysmograph is kept constant(figure 1). 
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2. The constant-pressure plethysnograph. 
In this type changes of the body volume are measured as gas volume 
displacements out of or into the Plethysmograph (AV).The pressure 
in the Plethysmograph is kept constant. The gas volume displacements 
can be measured with ( figure 2): 
a. a spirometer: volume-displacement body Plethysmograph. 
(Mead,1960;Jaeger and Otis,1964). 
b. a pneumotachograph and integrator: flow-displacement body Plethys­
mograph. 
(Bosman et al.,1964;Wasserman et al.,1966). 
(РАІ 
І ^ V 
Ppit 
inspiration expiration 
Fig. 1 Pressure changes in the alveolar space and plethysirograph 
during respiration. The lungs of the subject are represented 
as one single alveolus with an airway. Ρ symbolizes the al­
veolar pressure. Ρ , is the pressure inside the Plethysmograph. 
(Gielen,1971.Published with permission of the author). 
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The measuring principle of the body Plethysmograph can be sunmarized as 
follows: 
Respiratory muscles in thoracic wall and diaphragm 
I 
Compression or deconpression of gas voluite in thorax 
I 
Changes in body volume 
Measured by body Plethysmograph 
as pressure changes inside 
the Plethysmograph (ΔΡ
Π
). 
(Constant-volume Plethysmograph) 
Measured by body Plethysmo­
graph as volume displacement 
by a spirometer or integra­
tion of volume flow (Л ). 
в 
(Constant-pressure Plethysmo­
graph) . 
If temperature is constant inside the Plethysmograph, pressure changes 
in the constant-volume Plethysmograph and gas volume displacement in 
the constant-pressure Plethysmograph are ruled by Poisson's law: 
v
k
 = (1) 
Ρ = pressure 
V = volume 
k. = quotient of specific heat at constant pressure and specific heat 
at constant volume 
С = constant 
б 
0 dPP' 
'4dvo/ 
dVpl -|integr^tor|-^dVp l 
manometer spirometer pneumotachograph 
Fig. 2 Different types of plethysniDgraphs: 
a: constant - volurne Plethysmograph. 
b: constant - pressure Plethysmograph: 
Gas volume displacements are measured by a spirometer. 
c: constant - pressure Plethysmograph: 
Gas volume displacements are measured by integration 
of volume flow. 
(Gielen, 1971 . Published with permission of the author) 
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С. The use of the body Plethysmograph measuring airway resistance. 
The airway resistance (R) is the ratio of pressure gradient in the air­
ways to volume flow (V) at a particular time. The pressure gradient in 
the airways is the difference between alveolar pressure(P.) and pressure 
of the environment of the subject in which he is respiring (Varêne et 
al.,1966). 
Since the pressure gradient in the airways is obtained by compression 
or decompression of the gas volume in the thorax, the pressure gradient 
in the airways is equal to the changes of alveolar pressure (ЛР.). In 
1956 DuBois and his colleagues used a constant-volume body Plethysmo­
graph for the measurement of airway resistance. The subject in the Ple­
thysmograph is breathing air into and from the body Plethysmograph 
through a tube which is provided with a pneumotachograph and a shutter. 
Between the mouthpiece and the shutter a pressure transducer is located. 
Since the total amount of gas inside the plethysnograph-lung system is 
constant, changes of alveolar pressure (АРд) must cause changes of pres­
sure inside the Plethysmograph (ΔΡ
η
) in the opposite sense. The relation 
between ΔΡ and AP R can be found if the subject performs respiratory 
movements with open glottis against a closed shutter. During closure, 
flow is zero and a pressure equilibrium between alveoli and mouth is 
supposed to be achieved. 
If during closure of the shutter the pressure changes in the irouth (ΔΡ ) 
which are equal to the pressure changes in the alveolar space (ДР
а
),are 
measured simultaneously with the pressure changes in the Plethysmograph 
(ΔΡ
η
), the relation between ΔΡ and ΔΡ
η
 can be found. 
о m ΰ 
The principle of the measurement of airway resistance is as follows: 
1. During respiration V and ΔΡ_ are continuously plotted on a χ - у re­
ti 
corder, V vertically, ΔΡ_ horizontally. In favourable cases a straight 
о 
line can be obtained which makes an angle with the x- axis. The tan­
gent of this angle can be measured. 
2. Then, respiration is interrupted by the shutter, while the subject 
continues to make respiratory movements. Pressure changes in the 
8 
Plethysmograph (APR) and pressure changes at the irouth (ΔΡ = ΔΡ ) 
are plotted on the χ - y recorder, ΔΡ vertically, AP D horizontally. 
m о 
Again a straight line is obtained, also making an angle with the 
χ - axis from which the tangent can be measured. 
The quotient of the tangents in both diagrams gives the airway re­
sistance: 
ΔΡ,/ΔΡ^ ΔΡ ΔΡ, 
_ÜL_1 = _E = -A =
 R (2) V/ΔΡ,, V V 
The method of DuBois has several disadvantages: 
a. DuBois claimed that during respiration there should be a constant 
ratio between the gas volume of the thorax and the gas volume of 
the Plethysmograph to get a constant relationship between alveolar 
pressure (ДРд) and changes of pressure inside the Plethysmograph 
(ΔΡ^) .The necessity of this assertion follows from the elastic 
moduli (e) of both gas volumes, which can be explained as follows: 
Supposing the oomposition and temperature of both gas volumes to 
be equal, the elastic moduli of both gas volumes are equal. The 
elastic modulus of a gas volume is the ratio of stress (ΔΡ) and 
the resulting strain (Л / ): 
ΔΡ 
e = (3) 
л / 
The elastic modulus of the gas volume in the thorax (e . ) is: 
eth = 
^A 
^th^th 
The elastic modulus of the gas volume inside the Plethysmograph 
(eg) is: 
% 
Δ Ρ
Β 
A V B ^ B 
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Supposing e , = е_ gives: 
Δ Ρ
Α ^th^th 
ΔΡ
Β
 Д
 В
 /
 в 
The оішге changes of thorax and Plethysmograph are equal,so that: 
Δ Ρ
Α
 V B 
= — 2 - (4) 
Δ Ρ
Β
 Vth 
ΔΡ can only be calculated fron ΔΡ if the quotient V /V , is kept 
constant.The subject,therefore,has to breathe very superficially 
with small tidal volumes to keep V / V more or less constant. He 
has to pant with a high frequency,and in the literature this tech­
nique is called the "panting method of DuBois". 
In fact the composition and condition of both gas volumes differ. 
Therefore, the elastic moduli of both gas volumes are not equal. 
With respect to this fact the relationship between дР, and ΔΈ> is 
not constant,even if' there is a constant relationship between V D 
and V., . 
th 
High flow velocity during panting results in a change of flow 
pattern (laminar,turbulent) in comparison with quiet breathing. 
This can lead to false conclusions as to airway resistance in 
quiet breathing. 
The problem whether a pressure equilibrium is achieved between 
alveolar space and mouth during interruption of gas flow at the 
mouth is not solved. 
During panting the subject tends to breathe at a higher level of 
lunginflation as compared with quiet breathing.This may lead to an 
underestimation of airway resistance.Due to this fact and the 
concomitant high flow velocity ,airway resistance during panting 
may be quite different from airway resistance during quiet breath­
ing. 
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DuBois' method has also advantages: 
a. If the air inhaled is not the sane as the air in the Ivmgs, problems 
arise when woricing with the body Plethysmograph which can be explained 
as follows. 
Inspiratory air expands due to an increase of temperature and saturation 
with water vapour. The reverse occurs during expiration. These volume 
changes are superimposed on the parameter of interest,i.e. ,the changes 
of thoracic gas volume, due to conpression or deoonpression. 
During panting this error cannot occur because the subject is re-
breathing very small tidal volumes through the heated breathing tube 
and there is no difference in temperature and saturation with water 
vapour between inspiratory and expiratory air. 
Another method for solving this problem was described by Bargeton 
et al. in 1957. He used an electronic compensation for the error des­
cribed above. 
b. Although the problem of equilibrium between alveolar pressure (АР
Д
) 
and mouth pressure (ΔΡ ) during interruption of the gas flow at the 
mouth still exists in the Plethysmographie technique, this technique 
has an important advantage above the "airway interruption method" of 
von Neergaard and Wirz. We may, therefore, refer to the article of 
DuBois et al. (1956) by quoting their words: "The difference between 
this method (DuBois1 method) and previous interrupter methods is that 
the interruption of flow in the present method is merely the means of 
calibrating the changes in plethysiragraph pressure in terms of 
alveolar pressure; the values for resistance are always obtained 
during uninterrupted airflow." In the so-called airway interruption 
method, however, alveolar pressure is determined at interrupted gas 
flow. 
с Direct visualizing of the AP_/V curve gives an immediate irtpression 
of the resistance. 
The so-called "panting method" of DuBois has led to contradictory 
results between different authors. 
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Jaeger and Otis (1964) found that airway resistance during panting is 
higher if compared with resistance during quiet breathing. They attri­
buted this phenomenon to turbulence in the upper airways. Hcwever/Peset 
(1969),Stanescu (1972) and Barter (1973) found experimentally that air­
way resistance during panting is smaller than during quiet breathing. 
The contradictory results between different authors can possibly be ex­
plained by the different conditions during the measuremsnt of airway 
resistance. If flow velocity,tidal volume ,breathing frequency and state 
of inflation are not standardized during the measurements,different re­
sults may be expected. 
Bouhuys and Jonson (1966) measured the airway resistance in a constant-
volume plethysrrograph at different states of lung inflation. They found 
that airway resistance is smaller if the lungs are more inflated. 
Ulmer (1965) introduced the "panting method" as a clinical lung function 
test. He found that especially in patients with obstructive lung disease, 
the (ΔΡ - V) diagram shows an ellipsoid from (fig.3) . At the side of 
expiration this ellipsoid has a caracteristic configuration. However, 
the tangents at several points of the curve have different slopes, so 
that resistance, the quotient of pressure gradient and volume flow, has 
different values. 
At the end of this chapter vre have to mention the remarks of Smidt and 
Muysers (1969) with respect to the body Plethysmograph and the measure-
irent of airway resistance in particular. 
The remarks of Smidt and Muysers with respect to the body Plethysmograph 
are: 
1. The stability of the walls of the plethysrrograph has to be perfect 
with respect to pressure changes in the Plethysmograph. 
2. The respiratory quotient of the subject and the increase of tempera­
ture inside the Plethysmograph induce a drift in the recording of 
3. The value of exponent к in Poisson' s law ,Р.\Л = С is unknown. 
This law forms the principle of the body plethysiragraph and will 
be discussed in chapter III-D. 
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ДРд(ст HjO) 
/ 
Fig. 3 (ΔΡ - V) diagram in obstructive lung disease.Several 
tangents are drawn to the curve. Ulmer used these tangents 
as parameters to interpret the airway resistance. 
(Slightly nodifled after Ulmer,1965) 
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The remarks of Smidt and Muysers with respect to airway resistance are: 
1. Due to the fact that,probably,the flow is not laminar as Jaeger and 
Matthys could demonstrate, there is no linear relationship between 
pressure gradient and volume flow. The airway resistance does not 
have a constant value. 
2. There nay be a phase shift between pressure gradient and volume flow, 
so that the quotient between them cannot be determined at every rro-
ment of a respiratory cycle. 
3. The diameter of the airways varies during respiration leading to dif­
ferent values of airway resistance. 
The remarks of Smidt and Muysers with respect to airway resistance have 
such a fundamental character that the meaning of measuring airway resis­
tance becomes questionable. In chapter II vie shall discuss airway resis­
tance in more detail. 
D. Surmary. 
Measurement of airway resistance can be done by several techniques. The 
difference between various techniques resides in the determination of 
ΔΡ . DuBois et al. (1956) introduced a new technique in which ΔΡ is 
determined by a body Plethysmograph. This technique is subject to some 
objections which are described. 
Airway resistance defined as the quotient of pressure gradient between 
the alveolar space and the environnent and volume flow has no one single 
value during respiration. 
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II. PURTOSE OF INVESTICATION. 
The purpose of this investigation is to search for a parameter of air­
way obstruction during quiet breathing. The only directly available pa­
rameter until now is airway resistance (R).Airway resistance, however, 
has not a oonstant value during respiration. 
In this chapter we will try to find better information about the rela­
tionship between ΔΡ. and V. The implications of this relationship with 
respect to airway resistance may lead to another concept called " lost 
work due to obstruction". 
A. The problem of airway resistance. 
If a gas flow through a straight tube is governed by only four physi­
cal factors, for instance: 
a. pressure gradient per unit of length: ДР/ЛЬ 
b. viscosity: μ 
c. radius of tube: r 
d. volume flow: V 
it is possible to derive, using the Π - theorem of Buckingham (1915), 
the formula: 
ΔΡ _ V.y.c ,c\ 
ДЬ 4.П.Г4 
с = a constant without dimension. 
This formula which is well known as Hagen-Poiseuille's law for laminar 
flow shows that there is a linear relationship between pressure gradient 
and volume flow under these particular conditions. If, however, a gas 
flow through a tube is governed by more than four physical factors,for 
instance if density (p) also plays a role, the application of the Π -
theorem gives a different result: 
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ΔΡ V ^ P - C - Ü N R ) 
AL 2.П
2
.г
5 
(б) 
f(Ν ) = function of Reynolds number. 
It is evident that in this case there is no linear relationship between 
pressure gradient and volume flow.It follows from formulas (5) and (6)that 
for a particular system under particular conditions the relationship 
between pressure gradient and volume flow can be described by the simple, 
general formula: 
Ρ = C.Va 
In this formula С is a constant which depends on the physical proper­
ties of the system and the flowing gas. Exponent a varies from 1 to 2 
depending on the type of gas flow. If the flow is laminar a is equal to 
1. If the flow pattern changes frem laminar to turbulent, a becomes 
greater than 1. 
АРд (cm H 20) 
V (crnVs) 
Fig. 4 ΔΡ - V diagram. For explanation see text 
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In figure 4 this simple formula has been applied to human airways 
(ΔΡ = ΔΡ ) and has been represented graphically. Two graphs are drawn, 
one when the gas flow is laminar (ΔΡ = C.V), the other when gas flow 
is turbulent (ΔΡ = C . V ) . Vie suppose that both curves intersect at 
point A. If starting fron point A the alveolar pressure (ΔΡ.) is in­
creased and the flow remains laminar, the airway resistance rsnains 
constant (point B). If, however, the flow pattern becomes turbulent, 
point A is moving to point С and the airway resistance increases. 
This means that, at the same alveolar pressure,two or more values of 
airway resistance can be calculated depending on the existing flow 
pattern. 
Moreover, it is very unlikely that the gas flow in human airways is 
governed by only four physical factors, so it cannot be expected that 
a linear relationship between volume flow ( V) and pressure gradient 
exists. 
The usefulness of one single value of airway resistance is, therefore, 
doubtful, especially if a loop appears in the ΔΡ - V diagram as in 
the case of patients with obstructive lung disease. This means that if 
we are interested in a parameter of airway obstruction during respira­
tion, we should better look for another measure. 
B. Lost здэгк due to airway obstruction. 
Let us assume that a force (F) is acting on a gas volume in a tube 
which has a cross section A. If this gas volume in the tube is displaced 
by a distance (dx),' the amount of work (dW) performed is equal to: 
dW = F.dx (7) 
Because pressure (p) is equal to force per surface area it follows that 
F = A.P 
Cross section (A) tines small distance (dx) is equal to the small 
displaced volume (dv): 
dV = A.dx 
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So formula (7) may be written as: 
dW = P.dV 
The total amount of югк (W) which has to be performed during displace­
ment of gas volume (V) in the tube is: 
W = 
OJ 
'
VT 
P.dV (8) 
This vrork (W) is spent on moving a gas volume against resistances. We 
call this : lost work due to obstruction to gas flow. 
Applying formula (8) to the situation in human airways the displaced 
gas volume is equal to the tidal volume (V,^). Pressure (P) corresponds 
to alveolar pressure (АР
Д
)· So the work lost due to obstruction in the 
airways during inspiration and expiration is : 
iVT W R = I APA.dV (9) 
W can be considered as a parameter of airway obstruction during the 
whole period of the respiratory cycle. 
In contrast to airway resistance (R),which fixes the attention to one 
arbitrarily chosen moment of the respiratory cycle, W covers the work 
of the whole inspiration and expiration. In our opinion, therefore, W R 
is a better parameter of airway obstruction than airway resistance. 
C. Purpose of investigation. 
The purpose of this investigation is to introduce W as a parameter 
of airway obstruction into clinical lung function testing. 
Although a formula for W can be derived , still a problem exists in the 
measurement of ΔΡ,,.Ιί alveolar pressure (ДР
Д
) cannot be measured direct-
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ly in subjects (for instance in a constant-pressure Plethysmograph) 
ΔΡ should be replaced by other measurable factors. 
The following chapters are dealing with these problems, i.e.: 
1. Replacing ΔΡ in formula (9) by other measurable factors: 
Chapter III. 
2. Measurement of Vl·, in a model using the body Plethysmograph: 
к 
Chapter IV. 
3. Measurement of W in subjects: 
Chapter V. 
4. Significance of W R in clinical lung function testing: 
Chapter VI. 
D. Sunmary. 
The purpose of this investigation is to search for a parameter of air­
way obstruction during quiet breathing. 
The value of airway resistance used as a parameter of airway obstruction 
is subjected to discussion, bost яэгк (W ) due to obstruction is,in our 
opinion, a better parameter of airway obstruction. This parameter invol­
ves the entire respiratory cycle of inspiration and expiration. 
A formula for VL, is introduced. 
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III. THE FORMULA OF W_.. 
К 
A. Introduction. 
Since we have a constant-pressure Plethysmograph in our laboratory in 
which a direct measurement of ΔΡ is impossible, we have to replace 
ДРд in formula (9) by other measurable factors. Ihis replacement gives 
rise to problems which we shall discuss using a nodel (fig. 5). 
The model consists of a punp connected to a tube. At the end of the 
tube a shutter (S) is located. The gas volume displaced during an entire 
movement of the piston in one direction is called the stroke volutte 
(V ). In analogy to subjects this stroke volume can also be called 
tidal volume (V_). The pressure difference between inside and outside 
the cylinder is (P - P2) = ΔΡ. Movement of the piston to the right is 
expiration, to the left is inspiration. V is the gas volume in the 
model at end - expiratory position and (V + V™) is the gas volume when 
the piston is at end-inspiratory position. P., is the barometric 
Bar 
pressure. This pressure is equal to the pressure inside the cylinder 
when the shutter is open and the piston is at the end - expiratory or 
end - inspiratory position. 
(Рі-Рг) 
Fig. 5 A punp is rroving a gas volume through a tube. Pressure gradient 
is (P. - P2) = ΔΡ, stroke volume is V , tidal volume is V-,. 
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В. Substitution of ΔΡ by other factors. 
The relationship between pressure and volume of an enclosed gas volume 
is ruled by Poisson's law: 
P.V3^ = С (1) 
If according to Jaeger and Otis (1964) exponent к is supposed to be 
equal to 1, changes of pressure and volme are related as: 
ΔΡ =
- ^ ± 1 ν · Δ ν 
Anticipating the experiments on human subjects we can say that the 
volume changes are very small with respect to the original volume 
( about 80 ml to 3000 ml).Therefore, Д in the dencminator of this 
formula can be neglected,so: 
ΔΡ = -|-. Д 
Applying this result to our model or to human subjects we get: 
APA = - r ^ · vc (10) 
Δ Ρ
Α 
= the pressure gradient in our model or the alveolar pressure 
in human subjects. 
Pp. = the baromstric pressure which is equal to the original 
pressure in our model or in human lungs. 
V = the change of gas volume due to compression or decorrpression 
of the original gas volume. This change of gas volume can 
be measured by a constant-pressure body Plethysmograph. 
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V = the original gas volume 
The quotient Ρ /V in formula (10) is not constant during respiration 
Bar 
because the gas volume (V) varies between V and (V + V ), V being 
the end-expiratory gas volume and ( V + V T) the end-inspiratory gas 
volume.We found a mean value of P., /V between the extremes P„ /V 
Bar Bar о 
and Ρ /( V + V ) (Appendix I) and introduced this mean value in 
formula (10) , so this formula changed into: 
Ρ 
^ (V? + V„.VJ 
ΔΡ
Α
 = ^ . V
c
 (11) 
In this formula (11) V needs further explanation. If for example the 
piston starts moving from the end-inspiratory position the gas volune 
in the model has to be oompressed before gas can flow out of the model. 
The change in gas volume due to compression ( or deconpression in the 
reverse direction) which is maintained during the movement of the pis­
ton is called V . As will'be seen in the next chapter this volume change 
can be neasured directly by a constant-pressure body Plethysmograph. 
С. The formula of W 0. 
Replacing ΔΡ in formula (9) by the result of equation (11) we get: 
ρ 
Ял ν-
W R = . i V .dV (12) 
/(v¿+vo.vT) 
In this equation all factors are measurable by a constant-pressure ple-
thysnograph. However, the formula of W is only correct if the exponent 
к in Poisson's law is equal to 1. The proof of this oondition will be 
given in the next chapter. 
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D. Smmary. 
Using a model consisting of a punp connected to a tube a formula for 
W_ has been derived in which all factors are measurable. A mean value 
к 
for Ρ /V during the movement of the piston in the model is calcula­
ted. Formula (12) can only be applied if exponent к in Poisson's law 
is equal to 1. 
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IV. MEASUREMENT OF W,, IN A MODEL USING THE BODY PLETHYSMOGRAPH. 
A. The body Plethysmograph. 
Because Gielen (1971) has given a full description of our Plethysmograph * 
it is sufficient to describe some details which are important for our 
measurements. 
1. In the front wall of the Plethysmograph a Fleisch pneumotachograph 
connected to an integrator is inserted. In this way volume displace­
ment (Д -,) out of or into the Plethysmograph can be measured. 
2. In the breathing tube a Fleisch pneumotachograph is located connected 
to an integrator so that tidal volume (VT) can be determined. 
3. Pressure changes (ΔΡ ) inside the breathing tube are measured by an 
electric differential manoneter. 
4. Temperature inside the body Plethysmograph can be measured. 
5. An electromagnetic shutter is located inside the breathing tube 
vAiich can be controlled frem outside the Plethysmograph. 
6. All measurements can be recorded on an χ - y recorder. 
* Manufactured by Fenyves and Gut, Basel,Switzerland. 
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D ^ = 
Г Ц . re 
^ _ Harvard pump 'mocel 607) 
W=— 
Fig. 6 Constant-pressure Plethysmograph; a pump is placed 
inside the Plethysmograph. 
Д ,, : gas volume displacement through the wall of the 
Plethysmograph 
ΔΡ : pressure at the mouthpiece 
S : shutter 
V- : tidal volume 
(Reproduced with modification by permission of Gielen, 1971), 
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B. Ihe model in the Plethysmograph. 
A Harvard pump (model 607) is placed inside the Plethysmograph (fig. 6). 
The outlet is connected by a wide - bore tube to the breathing tube 
inside the Plethysmograph. The maximal stroke volume of this puitp is 
about 1.1 litre The frequency of the puirp can be controlled from outside. 
The frequency range of the pump can be varied from zero to sixty per 
minute. To the wide - bore tube a 5-litre bottle can be connected, simu­
lating a lung volume of 5 litres. 
Vfe used two models in our experiments: 
№del I : with a 5-litre bottle. 
MDdel II : without a 5-litre bottle. 
The bottle is filled with aluminum pellets which are used in order to 
obtain isothermic conditions during compressing or deconpressing 
(Gielen, 1971). The oonnections of tubes and bottle are sealed with 
silicone grease.Known resistances can be inserted into the tube at the 
outlet of the pump (R in figure 6). We used twD resistances, one being 
4 cm H20/l/s ,the other 2 cm KO/l/s. 
C. Adaptation of formula for W R to the equipment used. 
In chapter III we have derived a formula for Wo (12) in viiich all 
factors are measurable. 
: is measured directly in mm Hg and converted into cm H_0 by 
multiplying by 1.36. 
: tidal volume is measured at the mouthpiece from the integrated 
pneumotachogram. The absolute value of V— is calculated from 
i
 3 
the paper recording using a scale factor К (dimension L /L). 
: In order to obtain a gas flow out of or into the cylinder of 
our model, a pressure gradient has to be built up between 
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inside and outside the cylinder. This pressure gradient arises 
frorn the oonpression or deconpression of the gas voluine 
inside the cylinder by the piston. As we have seen in chapter 
III the volume changes vdiich acoompany oonpression or decom­
pression are called V . These volume changes are equal to the 
gas volume displacements out of or into a constant-pressure 
Plethysmograph which can be measured and are called Д . 
The absolute value of Д _ can be calculated from the paper 
3 
recordings using a scale factor K_ (dimension L /L). 
4. V : We have defined V as the original gas volume in the model at 
the end-expiratory position of the piston. If the shutter is 
closed at this position and the piston is moving to and fro 
with a certain frequency the gas volume locked up in the cy­
linder and tube is conpressed or decompressed. As a result 
gas volume displacement (AVR) out of or into the Plethysmo­
graph takes place which can be measured. 
Pressure changes (ΔΡ ) are simultaneously measured proximal 
to the shutter during compression or decompression. 
Both measurements (volume displacements and pressure changes) 
are recorded on an χ - y recorder, AVR on the y - axis, ΔΡ 
on the χ - axis. In this way a straight line is obtained, 
which makes an angle α with the χ - axis. 
If the original pressure in the model is equal to Ρ and 
supposing that к = 1 (chapter III), we get with reference to 
chapter III: 
Л
 В 
V = — s . V 0
 ΔΡ ^ 
m 
Replacing Δν^/ΔΡ by tg α and two appropriate scale factors 
3 2 2 2 
Κτ for Л ,, (dimension L /L) and K-, for ΛΡ_ (dimension M /L /T ), 
^ li J m 
we get: 
V = tg a.K2.K3.P .1.36 (13) 
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5. 
V 
Τ 
ι V .dV 
с 
This integral cannot be solved mathematically. Hcwever,AV 
(= V ) and V can be measured simultaneously and recorded on 
an χ - у recorder (Д
 П
 on у - axis, V^ , on χ - axis) resul-
ting in a loop. If the surface of the loop is equal to A^ ., 
and using again the appropriate scale factors К and K-, we 
get: 
rV, 
Τ 
'V
r 
V
c
.dV = (i AVg.dV = b^.I^.Ag (14) 
Using formulas (12) and (14) the following formula of VL· can 
be derived for the model in which all factors are measurable 
and W is expressed in Joule according to the S.I. system 
R
 _7 
(Visser, 1973) by multiplying with 1333.2 .10 . 
Κ.,Κ,.Α.-.Ρ- . 1333.2 . Ю - 7 W = 1 2 "В Bar
 = я
_
 ( ι 5 ) 
/ ( V2 +
 0. Т.К 1) 
D. Measurements. 
The following itEasuretnents are performed: 
1. Measurement of tg a at different frequencies of the p m p ( 14,18,22, 
26,30,34 and 38 c/min) in model I (with bottle) and model II (without 
bottle) in the way described before. 
During these measurements pressure changes are kept between the limits 
of + 30 cm Н ?0 and - 30 cm H ?0 because pressure changes also occur 
between these limits in subjects. 
2. Measurenents of W D in model I only (with bottle). 
As we have seen we need twD measurements (V and A^) for the calcu­
lation of Itf. During measurement of V the shutter is closed, but 
R о 
open during measurement of А_. 
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W is measured in three groups of experiments: 
group I 
- group II 
- group III 
tidal volume (V ) 
pimp frequencies (f) 
resistance in the tube 
tidal volume (V ) 
pump frequencies (f) 
resistance in the tube 
tidal volume (V ) 
pump frequencies 
resistance in the tube 
about 400 ml. 
10,14,18,22,26,30 c/min 
4 cm H20/l/s. 
about 850 ml. 
14,18,22,26,30 c/min. 
2 cm H20/l/s. 
about 850 ml. 
10,14,18,22 c/min. 
4 cm H20/l/s. 
During the measurements P„ is read off. Before and after each mea-
tìar 
sûrement the scale factors K, and K2 are determined. 
E. Results. 
1. The results of the measurements of tg α are shown in figure 7. It 
is clear that in model I (with bottle) tg α is nearly constant at 
different frequencies of the pump in contrast to the measurements 
with model II (without bottle). 
2. The results of neasurements of Wj, are listed in table I and plotted 
к 
in figures 8 and 9. For each group of experiments there are tvro 
curves which will be explained in the discussion. 
Anticipating this discussion we may say that W increases when the 
IS. 
frequency of the pump rises. 
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Fig. 7 Measurement of tg α at different frequencies. 
Open circles : Model I,with bottle. 
Closed circles : Model II,without bottle. 
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Fig. 8 W is calculated at different frequencies of the pump 
к 
in group I. 
W R calculated with formala (15). Open circles: 
Closed circles: W D calculated with formula (9). 
31 
Fig. 9 WD is calculated at different frequencies of the pump in 
groups II and III. 
Open circles: W R calculated with formula (15). 
Closed circles: W R calculated with formula (9). 
Table I: Data of W R measurements in model I. The various groups are 
Group 
I 
II 
described in chapter 
tga 
0.21 
0.19 
0.2 
0.2 
0.2 
0.24 
0.28 
0.4 
0.38 
0.37 
V
o 
cm 
679 
608 
656 
670 
667 
800 
924 
1317 
1259 
1249 
f 
c/mi_n 
10 
14 
14 
18 
22 
26 
30 
14 
18 
22 
IV-D. 
vT 
cm 
392 
397 
432 
402 
402 
402 
392 
825 
852 
868 
Kl 
cm 
imi 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10-5 
10.5 
K2 
3 
cm 
im 
3.1 
3.1 
3.1 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.3 
h 
itm 
30 
40 
50 
55 
85 
108 
160 
54 
84 
114 
A 
2 
im 
100 
162 
183 
215 
315 
405 
1065 
99 
153 
204 
WR(15) 
Joule 
0.118 
0.171 
0.199 
0.216 
0.345 
0.383 
0.504 
0.109 
0.173 
0.244 
WR(9) 
Joule 
0.104 
0.168 
0.189 
0.233 
0.326 
0.420 
0.552 
0.102 
0.158 
0.211 
N„(9) : Wp, calculated with formula (9). 
К к 
νΐ
η
(15): VL calculated with formula (15). 
R К 
ui 
Ν) 
Table I : (continuation) 
Group tga V f 
3
 / · 
an c/min 
0.4 
0.38 
0.37 
0.42 
0.48 
1317 
1259 
1249 
1380 
1511 
14 
18 
22 
26 
30 
825 
852 
868 
862 
825 
10.5 
10.5 
10.5 
10.5 
10.5 
0.22 
0.22 
0.26 
0.26 
0.33 
0.32 
717 
731 
888 
808 
1101 
1044 
10 
14 
18 
18 
22 
22 
847 
836 
847 
847 
857 
846 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
v„ 
cm 
cm 
mn 
W0(9) : Vi, ca lcula ted with formula (9) . 
VL(15) : VL ca lcula ted with formula (15). 
K2 *B A 
cm 2 2 inn im im 
3.2 
3.2 
3.3 
3.2 
3.1 
54 
84 
114 
132 
168 
99 
153 
204 
237 
270 
3.2 
3.1 
3.2 
3.1 
3.2 
3.1 
170 
275 
435 
420 
490 
475 
518 
426 
847 
1187 
1207 
1662 
WR(15) WR(9) 
Joule Joule 
0.109 0.102 
0.173 0.158 
0.244 0.211 
0.252 0.245 
0.296 0.281 
0.542 0.536 
0.87 0.874 
1.25 1.231 
1.189 1.252 
1.160 1.724 
1.144 1.692 
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F. Discussion. 
The derivation of formala W (12) in chapter III is based on the assurnp-
tion that during the measurements exponent к in Poisson's law must be 
equal to 1. To support this assumption we tried to find out the influ­
ence of exponent к on the data of our experiments. 
Applying Poisson's law to a gas volume with an original pressure Ρ 
and an original gas volume of V we get after differentiating: 
dP _ PBar 
dV " K· V 
о 
In our experiments with model I , tg α does not change at different fre­
quencies of the ршр. This means that dP/dV did not change at different 
frequencies of the pump. Assuming that Ρ and V are constant during 
the measurements it follows that к mast be constant at different freque-
cies of the pump. This means that in model I the thermal conditions do 
not change at different frequencies and that changes of tenperature due 
to compression or decompression of the gas volume are immediately abo­
lished by the aluminum pellets. This was also forced by Gielen (1971). 
What we have to prove now is that к is equal to 1. Therefore, we cal­
culated W not only with formula (15) but also with formula (9). The 
latter formula can be used in model experiments only because in this 
case it is possible to measure ΔΡ directly which is impossible in sub­
jects. In the same manner as we have described for the solution of the 
integral in formula (15) (chapter Г -С) we can solve the integral in 
formula (9): Pressure changes and tidal volumes are plotted on an x-y 
recorder giving a loop,the surface of which (A) can be measured. The 
results of measurements using formula W (9) are listed in table I and 
іл. 
in figures 8 and 9. We see that the results obtained with formula 
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(9) agree quite well with the results obtained with formila (15) except 
in group III above 1.1 Joule. 
From the fact that the curves obtained fran two different formulas (9 
and 15) practically ooincide ,it must be concluded that к is equal to 
1. 
The conclusion from our experiments is that the formula for W (15) which 
we have derived mathematically gives reasonable results if it is applied 
to experiments using a model. In the next chapter we shall use this for­
mula in subjects. 
G. Smmary. 
Using a constant-pressure Plethysmograph W is measured in a model with 
an adapted formula. The model, a Harvard pump model 607, is placed in­
side the Plethysmograph. The pump outlet is connected by a tube with 
the mouthpiece. 
TWo models are used: model I with a 5-litre bottle filled with aluminum 
pellets and connected to the tube, and model II without bottle. W is 
measured and calculated in model I using tvro different formulas. The 
results of both formulas agree quite well until a value of 1.1 Joule 
is reached. 
If the model is connected with a 5-litre bottle filled with aluminum 
pellets,it appears that compression or decompression of the gas volume 
occurs isotherm ally at different puitp frequencies. It is also conclu­
ded that the exponent к in Poisson' s law is equal to 1 if the model 
with the 5-litre bottle filled with aluminum pellets is used. 
36 
V. MEASUREMENT OF W-, Ш SUBJECTS USING THE BODY PLETHYSMOGRAPH. 
R ' 
A. Similarities and differences in W neasureraents between model I 
and subjects. 
If we compare measurements of W_ in model I (with bottle) with those 
к 
in human subjects, we can distinguish similarities and differences. 
Similarities are: 
a. Gas volumes susceptible to corrpression or decompression in model I 
and in subjects are about the same. 
b. Frequencies used in model I correspond to breathing frequencies 
during W R measurements in subjects. 
c. Tidal volumes in model I and subjects are about the same, although 
soma subjects may breathe with an even larger tidal volume. 
Ad a. 
As mentioned in chapter III, V is the total gas volume of the cylinder 
and bottle at the end-expiratory position of the piston. In human lungs 
it is sometimes difficult to measure V (= the intrathoracic gas volume 
at the end of expiration) due to its relation to trapped air which in­
fluences the magnitude of factor V . A hypothetic situation in the 
model may reveal the relation between V and trapped air. 
Let us imagine that an air-filled balloon is placed inside the cylinder. 
This situation is chosen in analogy to a gas volume cut off from the 
rest of gas volume in thorax and abdomen. Now the question arises: Can 
the gas volume locked up inside the balloon be considered as a part of 
V or not? Vte may also put the question in another way: 
Ίο what extent is the gas volume inside the balloon measured during the 
measurement of V ? (figure 10.) 
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Fig. 10 Air-filled balloon inside the cylinder. 
For explanation see text. 
Two extreme situations may occur between which a gradual transition is 
possible: 
- The balloon wall is very stiff. Compression or deconpression of bhe gas 
volume in the balloon is impossible. This gas volume is not measured 
in determining V . 
- The balloon wall is very flaccid. The gas volume in the balloon is 
equally compressed or deconpressed in conparison with the rest of the 
gas volume inside the cylinder. Now the gas volume of the balloon is 
measured indeed in determining V . 
Of these two extreme situations, the former may gradually change into 
the latter and vice versa, so the gas volume inside the balloon is msasured 
only partially during the determination of V . 
From this example it is clear that V is equal to the gas volume inside the 
cylinder at the end of expiration in so far as it is susceptible to com­
pression or decompression. If an isolated part of this gas volume is 
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(partially) susceptible to oonpression or decompression it is (partial­
ly) measured during the measurement of V . 
In accordance to the model, V in subjects is equal to the total com­
pressible gas volume in the lungs, whether trapped or not, which may 
be different from the end-expiratory gas voluire determined with the he­
lium dilution method. 
Differences between model I and subjects are: 
1. From experiments the conclusion is deduced that the process of com­
pression or decompression in model I is isothermal (chapter IV-F). 
Notwithstanding the differences between the conditions of the gas 
volumes in model I and in subjects, this process is also supposed 
to be isothermal in subjects because tenperature changes are ru­
led out nrmediately by blood flow, so exponent к in Poisson' s law 
(P.^ = C) must be equal to 1 (DuBois et al.,1956; Gielen,1971). 
2. The gas volume inside the body Plethysmograph is warmed up by the 
subject and expands. This expanding gas volume results in a drift 
of Д (Smidt and Muysers, 1968). This was also demonstrated expe-
rimentally by Jaeger and Otis (1964). The drift is very small after 
a period of 15 min (figure 11). However, waiting until this period 
is over in order to obtain a more or less stationary zero line re­
sults in another drift of Д due to the respiratory quotient,which 
beccmes apparent after this period of 15 min (Bargeton et al.,1957). 
At the same time cooperation of the subject tends to diminish and 
the measurement of W 0 becomes irrpossible. 
The problem of a drift of Д can be solved as follows. An exponen-
Б 
tially changing term is added to Д _ resulting in a new base line. 
о 
The exponentially changing term should have a time constant equal 
to the time constant of the drift of Д . In our Plethysmograph ex­
ponentially changing terms with different time constants can be ad­
ded to the zero line of Д . The appropriate time constant is chosen 
в 
by stabilizing the new zero line of ÄVR on the horizontal axis of 
the scope by one or two available tune constants. 
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Fig. 11 Diagram of Jaeger and Otis (1964). 
Displaced gas volume from Plethysmograph due to change 
in temperature and water vapour saturation. 
(Reproduced with permission of the authors.) 
Because the respiratory quotient is normally less than 1, gas volume 
inside the Plethysmograph decreases and gives rise to a drift of Д -
in the opposite sense (Smidt and Muysers, 1968). The loss of gas 
volume is extremely small with respect to the gas volume inside the 
Plethysmograph, and it takes about 15 min before the loss of gas 
volume due to this factor becomes apparent.This is a relatively slew 
phenomenon (Bargeton, 1957). If measurements are performed within 
2 or 3 s it does not play any role in the measurement of W . 
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4. Tidal volume is warmed up and saturated with water vapour during in­
spiration. During expiration the tenperature of expired gas decreases 
and the expired gas loses its water vapour. This means that V is not 
the sane during expiration and inspiration. 
To avoid errors due to this phenomenon,V, which is measured at ATPS 
conditions inside the plethysnograph, must be converted to V at BIPS 
conditions using a factor called K.. 
The different values of K. corresponding to conditions inside the 
Plethysmograph are given in table II. 
Table II: Values of K. at different tenperatures inside the Plethysmo­
graph. 
Tenperature inside the Plethysmograph. 
in С 0. К 4 
18 1.112 
19 1.107 
20 1.102 
21 1.096 
22 1.091 
23 1.085 
24 1.080 
25 1.074 
26 1.068 
When calculating W_ in subjects, partial water vapour pressure at 
IV 
body tenperature has to be subtracted from barometric pressure be­
cause this partial pressure is only dependent on tenperature and is 
not influenced by conpression or decompression. 
In formule W (15) partial water vapour pressure (P ) has to be 
к H20 
subtracted from P„ 
ізаг 
Tidal volume and frequency are closely related in subjects in con­
trast to the conditions in model I. In subjects only small tidal volumes 
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can be breathed at high, frequencies, otherwise hypocapnia ensues. 
7. Pressure gradient Δ Рд can be measured directly in irodel I but only 
indirectly in subjects. 
B. Technique of the measurement of W R in subjects. 
The technique of the measurements of W in subjects is divided into two 
parts: 
1. Measurement of V . 
о 
2. Measurement of the loop surface {AJ) in the diagram (Δ V_ - V_). 
M 1. 
We simultanuously plot Δ V on the y-axis and Δ Ρ on the x-axis of an 
X - Y recorder. The shutter is closed and the subject is asked to make 
respiratory movements with open glottis against the closed shutter. 
Making this manoeuvreι a. straight line is obtained which makes an angle 
with the x-axis. 
Subtracting partial water vapour pressure at body tenperature fron the 
barometric pressure, V can be calculated with formula (13) derived in 
chapter IV-C: 
V
o
 = tga. К2.Кз ( Р в ^ - Р ^ ) 1.36 (16) 
Ad 2. 
The diagram loop (Δ V
n
 - V^) appears on the Χ- Y recorder if Δ ν
η
 is 
plotted vertically and V™ horizontally when the subject is breathing 
through the breathing tube with open shutter. The surface of the loop 
(Ац) can be measured with a planimeter. 
In this chapter (section A) we have discussed the drift of the zero line 
of Δ V . An identical phenomenon occurs in the zero line of V . The 
conditions of the gas inside the Plethysmograph (tenperature, saturation 
with water vapour) are changing due to the presence of a subject inside 
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the Plethysmograph. The change of conditions of the gas volume inside the 
Plethysmograph to which V- and Δ V belong,therefore, influences the drift 
of V and Д equally, so the time constant of Л may be used to correct 
the stability of V as well. 
An important point in this technique is to take this diagram rapidly 
within 1 or 2 minutes, otherwise the tune oonstant has to be changed. 
Taking into account the differences between model I and subjects dis­
cussed in this chapter sub A, formula W R (15) turns into: 
¡•"B'^Bar ^ Ο 7 " •"1 
К V_"+V .V
m
.K,-K. 
К K ^ . g -P ).1333.2 .10-
W R = ί (17) 
2 
"o "
tv
o'
vT,'4r144 
С. Measurements. 
Measurements of W R have been performed in the following groups of 
subjects: 
1. Control group: This group has the following characteristics: 
Age: between 18 and 40 years. 
Sex: 20 men breathing with tidal volumes between 1000 and 1500 ml. 
23 лэтеп breathing with tidal volumes between 750 and 1000 ml. 
The limits of tidal volume are chosen arbitrarily due to the fact 
that most individuals in the Plethysmograph are breathing with these 
tidal volumes due to the enlarged dead space of the breathing tube. 
All these subjects were: 
- Living and vrorkmg m the same region as the group of patients 
which we examined later. 
- They did not smoke and had no conplamts of respiratory or 
cardiovascular disease 
2. Miscellaneous group of "healthy" smokers and non - smokers; 
This group consisted of 43 subjects of between 20 and 35 years with­
out complaints of cardiovascular or lung disease. 
3. Group of 13 smokers and 13 non - smokers: This group was aselectively 
chosen from male University personnel, aged between 18 and 40 years. 
43 
They had no complaints of cardiovascular or lung disease . During 
the measurement tidal volume was between 1100 and 1500 ml. 
4. Group of 116 patients: These patients were referred to the lung 
function laboratory for reasons of: 
- respiratory diseases: obstructive or restrictive 
- pre - operative screening 
In this group the following measurements were also performed: 
- ЕЕ д^  in liters 
- FEVj/VC 
- FIV. in liters 
- F^/VC 
- peak flow in liters/seconds. 
D. Results. 
1. Control group. 
The data of this group are listed in table III (men) and table 
IV (women). 
2. Miscellaneous group of healthy smokers and non-smokers. 
The data of this group are collected in figs. 12 (women) and 13 
(men). In these figures V is plotted horizontally and W vertical-
ly. These diagrams suggest the following points: 
- W R seems to be an exponential function of V T. 
- Smokers (closed circles) seem to have higher values of W^ than 
к 
non - smokers (open circles). 
3. Group of 13 smokers and 13 non - smokers. 
Ihe data of this group are listed in table V. 
Table III: Control group 
Men, with tidal volume between 1000 and 1500 ml. 
Name Age Weight V
o
 V
T
 f
 ^
 K4 Kl K2 PBar WR 
3 3 2 
year kg an an c/min nm Joules 
R.S. 
T.A. 
J.H. 
M.G. 
F.T. 
P.D. 
F.P. 
G.R. 
F.W. 
J.С 
H.T. 
F.S. 
L. 
R.V. 
J.V. 
30 
22 
28 
30 
30 
28 
22 
22 
31 
31 
26 
30 
32 
18 
39 
80 
65 
75 
70 
60 
60 
65 
65 
75 
70 
70 
75 
65 
60 
80 
3824 
5609 
4865 
2719 
2964 
4406 
4350 
5800 
5695 
4983 
5400 
4550 
3740 
3564 
4980 
1181 
1250 
1228 
1140 
1100 
1070 
1045 
1065 
1350 
1500 
1480 
1420 
1332 
1340 
1480 
18 
12 
18 
18 
18 
18 
18 
18 
18 
13 
18 
15 
11 
14 
12 
96 
203 
238 
144 
96 
392 
184 
160 
192 
248 
144 
144 
162 
272 
184 
1.08 
1.08 
1.08 
1-08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
10.6 
10.6 
10.6 
10.6 
9.7 
9.7 
9.0 
9.0 
10.6 
10.6 
10.6 
10.6 
10.6 
9.8 
9.8 
4.9 
3.5 
3.5 
5.0 
2.4 
2.5 
2.7 
2.9 
3.5 
3.2 
3.5 
2.4 
2.4 
2.5 
2.5 
759 
765 
767 
753 
759 
759 
771 
771 
762 
756 
765 
767 
752 
765 
765 
0.126 
0.126 
0.170 
0.185 
0-067 
0.191 
0.100 
0.063 
0.117 
0.150 
0.091 
0.067 
0.089 
0.166 
0.082 
Table III: (œnt.) 
Name Age Weight V V^ , f 
3 3 , . year kg cm cm c/min 
A.A. 
A.V. 
W.B. 
I.B. 
W.J. 
35 
24 
33 
30 
29 
85 
60 
90 
75 
70 
3236 
3544 
4950 
4420 
5300 
1400 
1400 
1070 
1120 
1145 
12 
18 
18 
18 
18 
mean 28.5 4445 1256 16 
stand. 
dev. + 5.0 + 932 + 158 + 2.6 
^
 K4 Kl K2 PBar WR 
mm Joules 
224 
144 
192 
312 
344 
1.08 
1.08 
1.08 
1.08 
1.08 
9.8 
9.7 
8.9 
8-9 
8.9 
2.6 
2.4 
2.6 
2.5 
2.7 
765 
759 
765 
765 
765 
0.128 
0.077 
0-085 
0.145 
0.148 
1Я 
0.119 
+ 0.041 
T a b l e IV: C o n t r o l Group 
Women, w i t h t i d a l volume between 750 and 1250 m l . 
Name Age Weight V V
m
 f Α,, Κ. Κ. K
n
 ? „ íiL 
^ ^ o T Ъ 4 1 2 Bar R 
3 3 2 
y e a r kg cm an c/min nm irm Hg J o u l e s 
E.O. 
A.K. 
I.D. 
W.M. 
P. 
I.R. 
F.T. 
C.W. 
I.S. 
S.S. 
R. 
L.V. 
W.W. 
I.H. 
24 
26 
20 
25 
18 
20 
20 
26 
19 
28 
26 
24 
24 
25 
65 
65 
50 
60 
45 
60 
50 
50 
60 
65 
65 
65 
65 
65 
3450 
3558 
3758 
4809 
3631 
3615 
2837 
2550 
4387 
3820 
3272 
3558 
4230 
2120 
931 
952 
762 
804 
836 
848 
925 
990 
995 
1250 
1196 
1090 
1200 
1100 
24 
24 
18 
21 
22 
20 
20 
22 
16 
14 
16 
16 
18 
16 
120 
144 
144 
100 
96 
140 
63 
96 
158 
120 
161 
276 
231 
288 
1-08 
1.08 
1.08 
1-08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
10.5 
10.5 
10.5 
10.5 
10.6 
10.6 
9.0 
9.0 
10.6 
10.6 
10.6 
10.6 
10.6 
9.7 
3.3 
3.3 
3.2 
3.3 
3-3 
3-7 
2.7 
2.6 
3.1 
3.7 
3.7 
3.2 
3-7 
2-3 
762 
762 
771 
771 
771 
758 
770 
753 
762 
758 
761 
769 
758 
759 
0.111 
0.126 
0.123 
0.072 
0.084 
0.138 
0.051 
0.146 
0.083 
0.108 
0.167 
0.238 
0.193 
0.261 
Table IV: ( c o n t . ) 
Name Age Weight V V f 
3 3 , . 
y e a r kg cm cm c/min 
V.A. 
L.K. 
K.A. 
P.T. 
C.S. 
R.G. 
B.R. 
C.T. 
J.S. 
26 
30 
27 
32 
22 
22 
34 
24 
22 
50 
70 
65 
65 
60 
65 
70 
55 
55 
1921 
5100 
3872 
5182 
3509 
3960 
4082 
3277 
2658 
1150 
1120 
1060 
1250 
1094 
1008 
1320 
1206 
1016 
12 
20 
12 
14 
14 
16 
21 
17 
24 
mean 2 4 . 5 3613 1048 18 
s t a n d . 
d e v . + 4 . 0 + 840 + 154 + 3 . 8 
h K4 K l 
2 
rtm 
264 
198 
160 
410 
424 
400 
174 
140 
159 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1-08 
1.08 
9.8 
9.0 
9.7 
8.7 
8.7 
8.7 
10-5 
10.6 
10.6 
K 2 P Bar WR 
itm Hg J o u l e s 
2.3 
2.7 
2-3 
2-7 
2.6 
2.5 
3-3 
3.7 
3.1 
765 
753 
759 
767 
767 
767 
761 
762 
762 
0.258 
0.087 
0.087 
0.173 
0-267 
0.212 
0.110 
0.145 
0.197 
0.149 
+ 0 .065 
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Fig. 12 Data of W nieasuranents in women. 
H. 
V horizontally, W R vertically. 
Open circles: non - smokers. 
Closed circles: smokers. 
The figureß of the points refer to respiratory frequency 
during measurement of WD. 
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Fig. 13 Data of W R measureinents in men V„ horizontally, W_ vertically. 
Open circles: non - smokers. 
Closed circles: smokers. 
The figures of the points refer to respiratory frequency 
during measurement of W . 
K. 
Table V: Comparison between male smokers and non - smokers. 
a. smokers, with tidal volume between 1100 and 1500 ml. 
Name Age Weight Vo V T f % K4 Ki K2 PBar WR 
3 3 2 
year kg .cm cm c/min mm inn Hg Joules 
M.B. 
F.P. 
W.V. 
J. 
B. 
F.M. 
S.G. 
W.W. 
B.L. 
W.K. 
M.S. 
T.A. 
H. 
mean 
stand. 
32 
34 
25 
31 
32 
34 
24 
33 
30 
29 
34 
32 
30 
30.7 
70 
80 
70 
80 
70 
60 
65 
95 
65 
60 
75 
85 
80 
3182 
4495 
4520 
3467 
2070 
3939 
4570 
3415 
4670 
3656 
3728 
3726 
3290 
3748 
1100 
1120 
1132 
1143 
1200 
1173 
1320 
1323 
1365 
1418 
1470 
1482 
1500 
1288 
18 
18 
20 
14 
14 
18 
16 
16 
16 
18 
14 
18 
16 
16 
161 
126 
301 
126 
174 
448 
414 
210 
342 
252 
540 
406 
432 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
10.5 
10.5 
10.5 
10.5 
10.6 
9.1 
9.0 
10-5 
10.5 
10.5 
9.7 
10.5 
10.6 
3.2 
3-7 
3.7 
3.4 
2.3 
2.6 
2.8 
3.3 
3-3 
3-5 
2.5 
3.7 
2-3 
770 
765 
765 
767 
761 
771 
771 
768 
770 
765 
759 
765 
740 
0.153 
0.100 
0.238 
0.118 
0.169 
0.259 
0.215 
0.189 
0.234 
0.226 
0.352 
0.369 
0.264 
0.222 
0.080 
dev.+ 3.2 + 722 + 150 +2.6 
Table V: Comparison between male smokers and non - smokers. 
b. non - smokers, with tidal volume between 1100 and 1500 ml. 
Name Age Weight V
o
 V T f Ag K 4 Kj K 2 Р ^ W R 
3 3 2 
year kg cm cm c/min mm πτη Hg Joules 
F.T. 
A.A. 
M.G. 
H.S. 
J.II. 
T.B. 
H.V. 
J.С 
L. 
F.W. 
F.S. 
J.W. 
H.T. 
mean 
30 
35 
30 
30 
28 
22 
24 
31 
32 
31 
30 
39 
26 
30.6 
60 
85 
70 
80 
75 
65 
60 
70 
65 
75 
75 
80 
70 
2964 
5450 
2719 
3824 
4856 
5609 
3544 
4983 
3740 
3695 
4550 
4980 
4983 
4454 
1100 
1100 
1140 
1181 
1228 
1250 
1400 
1500 
1332 
1350 
1420 
1480 
1480 
1304 
18 
20 
18 
18 
18 
12 
16 
13 
11 
18 
15 
12 
18 
16 
96 
336 
144 
96 
238 
203 
144 
248 
162 
192 
141 
181 
144 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
1-08 
1.08 
1.08 
1.08 
9.7 
9.0 
10.6 
10.6 
10.6 
10.7 
9.7 
10.6 
10.6 
10.6 
10.6 
9.8 
10.6 
2.4 
2.6 
5.0 
4.9 
3.5 
3.5 
2.4 
3.2 
2-4 
3.5 
2.4 
2.5 
3.5 
759 
753 
753 
759 
767 
765 
759 
756 
752 
762 
767 
765 
765 
0.067 
0.136 
0.185 
0.126 
0.170 
0.120 
0.077 
0.150 
0.089 
0.117 
0.067 
0.082 
0.091 
0.114 
dev. + 3.2 + 9 9 3 + 1 4 7 + 3 . 0 0.039 
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4. Group of 116 patients. 
The data of this group are listed in appendix II. 
E. Discussion. 
W measured in control group. 
к 
In the control group mean values and standard deviations are calculated 
for VL,, V , V
rT„frequency and age. A correlation is calculated between 
К О 1 ' 
W-, and the other variables (V . frequency and age). In the group of 
23 women a correlation is found between VL. and V (Pierson correlation 
к о 
coefficient 0.40 or 5.8 %).Other correlations could not be demon­
strated. Based on the vrork of Rümke and Bezemer (1972) we may expect 
that only 5% of the population have a value of W R above 0.217 Joule in 
men and above 0.301 Joule in vromen. Considering this value in vromen we 
have to be aware of low V and low frequency causing high values of WR. 
Probably the cross section of the airways is smaller in women. 
Based on the results of the control group we consider WR as deviating 
from the control group if its value is higher than: 
0.267 Joule in male subjects. 
0.361 Joule in female subjects. 
W measured in a group of patients. 
Introduction of a new parameter (WR) as an index of airway obstruction 
requires a comparison with other parameters of airway obstruction: 
FEV,, FIV., peak flow. 
Ihe differences between WR and other parameters are: 
a. FEV., FIV. and peak flow are measured at extremely high flow velocity, 
whereas W R is measured at relatively low flow velocity. 
b. During the measurement of W R the conditions in the airways differ 
fron those during the measurements of the conventional parameters. 
When measuring FEV., FIV. and peak flow, airway compression occurs. 
This is probably absent when measuring WR. 
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Based on the differences between W R and the other parameters of airway 
obstruction a comparison of W- with the others will, at least theoreti-
cally, result in three possible relationships: 
1. The results of FEV,, FIV, and peak flow as well as those of W 
indicate an airway obstruction. 
2. The results of FEV., FIV. and peak flow suggest an airway obstruction 
but the results of W R do not support this. 
3. The results of FEV., FIV, and peak flow do not suggest an airway ob-
struction whereas the results of W_ do. 
We investigated whether these three relationships, vfaich were assumed 
on theoretical grounds, existed in reality. 
FEV and FIV, measured in a group of 116 patients visiting our labora-
tory for reasons of respiratory or cardiovascular diseases, were com-
pared with standard values given by Labadie (1968). 
W R measured in this group of 116 patients was related to the W R found 
in the control group. 
Only 38 of this group of patients have an age similar to that of the 
control group. When comparing VL, and the other parameters of airway 
obstruction tvro groups of patients can be distinguished according to 
the situations 2 and 3 mentioned above: 
Group I : In 3 of the 38 patients situation 2 could be demonstratedt 
this means :W0 agrees with our control group but FEV. /VC is small 
conpared with standard values. Data of this group are listed 
in table VI. If we take into consideration the whole group 
of 116 patients situation 2 oould be demonstrated in 22 
patients though the age of these 22 patients differs from that 
of the control group (x in appendix II). 
Group II : In 5 of the 38 patients situation 3 could be demonstrated. 
W has values above those of the control group, whereas 
FEV./VC agrees with standard values. Data of this group are 
listed in table VII. In the whole group of 116 patients 
this situation could be demonstrated in 11 patients (xx in 
appendix II). 
Table VI: Data of group I with small FEV. and FIV. but with W corresponding to 
σοηtrol group. 
Name Sex Age Т.е. V.C. FEV1/VC% W,, V clin, diagnosis 
1 К 1 
3 3 3 
cm an FIV /VC% Joules cm 
H. f 37 5625 3425 68/90 0.107 1011 asthmatic bronchitis 
K. f 42 5100 2900 39/68 0.099 1121 asthmatic bronchitis 2 
D. m 31 5650 4475 55-6/85 0.101 1386 asthmatic bronchitis 
Table VII: Data of group II with normal FEV, and FIV, but increased W. 
Nane Sex Age T.C. V.C. FE^/VCI W R Vip clin, diagnosis 
3 3 3 
cm on FIV /VC%- Joules cm 
B. 
E. 
W. 
H. 
s. 
m 
f 
m 
m 
f 
30 
18 
18 
22 
17 
4225 
4425 
7450 
6500 
3600 
3150 
3600 
6225 
4925 
3150 
74/92 
86/92 
87/93 
94/96 
94/96 
0.390 
0.789 
0.854 
0.325 
0.439 
1234 
1250 
1500 
1260 
1150 
lupus erythmatodes 
scoliosis 
scoliosis 
scoliosis 
scoliosis 
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W measured in smokers and non - smokers. i\ 
Clarke et al. (1970) and Zamel (1970) denonstrated an increased airway 
resistance in smokers.It is interesting to knew whether a difference 
in W can be demonstrated between smokers and non-smokers. The sugges-
K 
tion of W differences between smokers and non-smokers from the results 
of W_ measurements in the miscellaneous group of 43 smokers and non-
smokers is supported by a cortparison of W in a group of smokers and 
non-smokers. 
We chose aselectively 13 male smokers and 13 non-smokers from the per­
sonnel of the University of Nijmegen, with ages between 18 and 40 years, 
without complaints of cardio-vascular or respiratory disease.From the 
results of W in both groups ws may conclude that a quite significant 
R 
difference exists in W between smokers and non-smokers. W in non-
K к 
smokers i s smaller than in smokers (Wilcoxon Ρ < 1%). 
F. Suimiary. 
Before starting the presentation of W measurements in subjects,diffe-
rences and similarities between model I and subjects are mentioned. The 
most inpressive differences are changes of temperature inside the Ple­
thysmograph and contraction or expansion of tidal volume during respi­
ration. 
W is measured in a control group of 20 men and 23 vromen. Based on the 
к 
results of the control group we consider W as deviating from the con-
trol group if its value is above 0.267 Joule in male subjects and above 
0.361 in female subjects. 
Although results of W in a group of 116 patients frequently agree with 
к 
the results of the other parameters of airway obstrution, discrepancies 
in results are found between both as already assumed on theoretical 
grounds. A significant difference in W can be shown between smokers 
.K 
and nori-smokers. 
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VI.THE SIGNIFICANCE OF W 0 AS A CLINICAL· LUNG FUNCTION TEST. 
A. Determination of obstructive lung disease. 
Obstruction to gas flow in human airways may be determined by the 
following lung function tests: 
1. Forced expiratory gas volume during the first second of expiration 
(FEV1). 
After a maximum inspiration a forced expiration is performed. Dis-
placed gas volume during the first second of expiration is measured. 
This figure can be given as an absolute value or as a relative va-
lue with respect to vital capacity (FEV1/VC % ). The magnitude of 
this figure is determined by: 
- work performed by respiratory muscles ,which may be decreased in 
muscle disease, 
- deformation resistance of thorax wall and lungs. This factor is 
small and can be neglected in most cases, 
- restrictive lung disease, 
- airway obstruction, 
- cooperation of the subject. 
Standard values are given by Ericsson and Imell (1969) and Berglund 
et al.(1963). 
2. Forced inspiratory gas volume during the first second of inspiration 
(FIV1) . 
After a maximum expiration a forced inspiration is performed. Dis-
placed gas volume during the first second of inspiration is measured. 
This figure can be given as an absolute value or as a relative va-
lue with respect to the vital capacity (FIV-j/VC % ) (Labadie, 1968). 
The magnitude of this figure is determined by: 
- work performed by respiratory muscles, 
- deformation resistance of thorax wall and lungs, 
- restriction of total lung capacity, 
- airway resistance. 
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- cooperation of the subject. 
Standard values are given by Labadie (1968). 
3. Peak flow. 
This is the maximum volume flow during forced expiration (V ). The 
magnitude of peak flow is determined by: 
- work of respiratory muscles. 
- deformation resistance of thorax wall and lungs. 
- airway obstruction. 
- cooperation of the subject. 
The problem of flow limitation (peak flow) was first studied by Fry 
and Hyatt (1960). 
4. Closing volume. 
The closing volume is that lung volume at which airways in the dependent 
zones of the lung begin to close during expiration (Leblanc et al. 1970). 
If this volume is larger than normal, airway obstruction may be expected. 
5. Pulrronary compliance at different breathing frequencies. 
Although this technique is thought to reflect changes in small airways 
(Macklem, 1972) it is not generally used yet as a clinical lung 
function test due to serious problems for subjects and investigators. 
6. Airway resistance. 
Airway resistance may be measured at different volune flows. We have 
already discussed the problem of the measurement of airway resistance 
by the panting method of DuBois et al. (1956) in which high volume 
flows are used (chapter I). Therefore Bargeton et al. (1957) introduced 
the measurement of airway resistance during quiet breathing. For 
details we refer to chapters I-C and II-A. 
B. WR as a parameter of airway obstruction. 
W R can be considered as a parameter of airway obstruction during the 
whole period of the respiratory cycle. 
Comparing the results of W R with those of other parameters of airway 
obstruction (FEV,, FIV, and peak flow) discrepancies assuned before on 
theoretical grounds can be demonstrated. The possible origins of these 
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discrepancies are discussed in chapter V-E. 
Apparently W and the other parameters do not describe exactly the same 
phenomenon. 
First, aerodynamic conditions in the airways during quiet breathing are 
not equal to those during forced expiration, due to increased turbulence 
in the latter case. 
Secondly,airway compression occurs at high volume flow, but is nearly 
absent during quiet breathing. 
Finally, it may be noticed that the relationship 2 (FEV.,FTJ, and peak 
flow suggest an airway obstruction but the results of W do not support 
к 
this,chapter V-Ε) between W and the other parameters is more frequently 
found if patients aged over 50 years are included in this comparison. 
The increased frequency of this discrepancy nay be due to loss of stabi­
lity in the walls of small airways which causes airway compression only 
at high flow velocity but not at low flow velocity (quiet breathing).Re­
lationship 2 (chapter V-Ε) may be found in the transition phase between 
beginning and almost oonplete loss of wall stability, when the patient 
gets older. 
Relationship 3 (FEV,,FIV and peak flow do not suggest an airway obstruc­
tion whereas the results of W do,chapter V-Ε) occuring in group II can 
к 
be derronstrated in 5 of 38 patients and 4 of these are suffering fron 
scoliosis. The following explanations can be given for the discrepancies 
between W and the other parameters of these patients: 
к 
- deformation of major airways causing turbulence in gas flow. W R is 
extremely sensitive to turbulence. 
- restriction of VC causing relatively large values of FEV,/VC %. 
From the figures of table VI we may conclude that this is not the 
most important factor. 
- atelectasis of small areas without loss of stability of the walls in 
smaller airways. 
Although restriction of VC in our group cannot be demonstrated clearly, 
it may be that V in these patients is relatively small due to atelec­
tasis during quiet breathing. Because V appears in the denominator 
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of the formula of VL, W D may be relatively high.Instability of the walls 
к к 
of the smaller airways probably plays a minor role in the explanation 
of the high W_ because this instability cannot be expected in this group 
к 
of young people. It is impossible to give a definite answer to this 
question here, but further research of airway obstruction in patients 
suffering from scoliosis may provide irore information. 
In our opinion, the introduction of W provides an opportunity to mea-
sure airway obstruction during quiet breathing. However,localisation 
of the obstruction (in smaller or larger airways) is not possible. Good 
cooperation of the subject is desirable but not required. The only pro-
blem is claustrophobia of the patient. 
С W formula of Matthys and Overrath (1971) . 
Although Jaeger and Otis (1964) introduced a formula for W , they were 
rainly interested in airway resistance (R). They derived the following 
formila for WR: 
W R = 
V (PBar~ ^ o ' 
V + h V
m 
ο τ 
(18) 
А^ = loop area in Д - V diagram, 
P
n
 = barometric pressure 
car 
Р„ = partial water vapour pressure 
The denominator (V + % V_) is called the mean thorax volume during res­
piration. This rrean thorax volume is the intrathoracic gas volume deter­
mined in the Plethysmograph at the end of expiration, plus half the ti­
dal volume. 
Matthys and Overrath (1971) found that this formula (18) cannot be used 
in measurements of W in non-homogeneously ventilated lungs. In their 
opinion only that part of the gas volume in the lungs which has an open 
connection with major airways , should be considered in formula (18). 
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They,therefore, measured the functional residual capacity with the 
helium dilution method (FRC^ ) before starting W R measurements with 
the body Plethysmograph and introduced FRC^ into the deroninator of 
formula (18) to replace V . The trapped air in the lungs is supposed 
not to participate in determining the value of WR because it does not 
œntribute to build up a pressure gradient during inspiration and 
expiration. 
For better understanding of their ideas we refer to figure 14. 
Fig. 14 Model of Matthys and Overrath(1971). 
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A cylinder is placed in the Plethysmograph. The lateral wall of the 
cylinder can be compressed in one direction only. The wall inside the 
cylinder can also be oonpressed in one direction.Part of the gas volume 
inside the cylinder is trapped. During compression of the cylinder frem 
ЕЕ to EI tidal volume V- leaves the cylinder, but the trapped gas 
volume inside the cylinder is compressed. A pressure equilibrium between 
both parts of the cylinder during compression and decompression does not 
occur, because the inner wall can be oonpressed in one direction only. 
If Δ V and V T are recorded on an x-y diagram part of the loop area of 
the Δ Vn - V
m
 diagram between line EI - ЕЕ, the vertical axis and curve 
13 1 
segment,does not belong to factorAg of formula (18) but is a measure of 
the vrork due to compression of trapped gas volume. 
Matthys and Overrath divided the loop area of (Δ V B - V T) diagram into 
three parts: 
Area Ag (expiration) is situated on the left of line EI - ЕЕ. 
Area A1 (inspiration) is situated on the right of the vertical axis. 
There remains a part of the loop area between vertical axis, line 
EI- ЕЕ and a curve segment. This part of the loop area should be in­
cluded for the calculation of W R. 
Matthys and Overrath used the following formula derived from formula 
(19) of Jaeger and Otis, replacing Aj, by (Ap + AJ and the denominator 
by (FHC^ + 1/2 V T) . 
( AE + V · (PBar - ^ 
W = = (19) 
FRC^ + 1/2 V T 
Matthys and Overrath neasured W with this formula m 30 healthy sub­
jects. They found values of W R which are higher than our values of W R 
in healthy subjects;0.646 Joule at a tidal volume of 1250 ml, whereas 
we have found about 0.250 Joule. 
This may be evident when considering the denominator in our formula 
and in their formula (19). The denominator of the latter is smaller 
than that of the former. 
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Considering the denominator in formula (19) of Matthys and Overrath, 
this formula is, in our opinion, not quite correct for the following 
reasons : 
1. FRCL· is measured before the subject enters the body Plethysmograph. 
Most of the time the subject does not breathe at exactly the same 
level of lung inflation inside and outside the Plethysmograph. 
2. Trapped gas volume inside the lungs may contribute to build up the 
pressure gradient in the airways (chapter V - Α ) . These trapped gas 
volumes are not measured with the helium dilution method FFCL . 
Gielen (1971) also demonstrated that FRQ, is not equal to the end-
expiratory intrathoracic gas volume. 
D. Summary. 
To describe airway obstruction several parameters may be used in clinical 
lung function examination. Scene of these are measured at high volune 
flow when aerodynamic conditions in the airways may be different frcm 
those occurring in quiet breathing. 
Airway resistance is a questionable parameter because different values 
may exist at equal alveolar pressure or volume flow. 
Introduction of W provides an opportunity to describe airway obstruc-
tion during the whole period of a quiet inspiration and expiration. 
Expected discrepancies between the results of W R and those of the other 
parameters are found and discussed. 
In our opinion, the formula of Matthys and Overrath (1971) is not correct 
as a critical evaluation shows. 
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SUMMARY 
Obstructive lung disease is very οοπτηοη in the humid, air-polluted 
climate of North-Vfestem Europe. Research workers have been looking for 
parameters to describe the degree of airway obstruction. One of these 
parameters is airway resistance (R). 
However, difficulties are inherent to the use of airway resistance as 
a measure of airway obstruction during quiet breathing: 
1. At equal pressure gradients or volume flow different values of airway 
resistance may be found depending on the type of flow. 
2. Changing pressure gradient and volume flow during respiration cause 
a changing value of the quotient of both figures. 
3. Diameter and geometric configuration of the airways are changing 
during the respiratory cycle. 
Factors in 2 and 3 induce instability of the flow pattern in the airways 
which gives rise to continuously changing resistance in the airways. A 
parameter with such a variability can hardly be used as a measure of 
airway obstruction. 
Lost vrork due to obstruction (WR) is, in our opinion, a reliable para­
meter of airway obstruction during quiet breathing. The purpose of this 
investigation is to introduce this parameter (WR) as a clinical lung 
function test. 
The advantages of W R are: 
a. Type of gas flow does not matter in calculations of W R. 
b. Level of lung inflation, which determines the diameter of the air­
ways, is included in the formila of W R by factor V . 
c. W R involves the whole respiratory cycle with its changing pressure 
gradient and volume flow. 
d. W R is a more convenient factor in the study of total work of breathing 
with respect to the total amount of energy yielded by the body. 
e. W p is easily measured in 2 to 3 min without stress to the patient. 
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The disadvantages are: 
1. An expensive body Plethysmograph is necessary for measuring WR. 
2. Standard values of various groups of subjects are not available at 
this moment. Much more research is needed to secure the different 
standard values of several groups of patients. 
3. Breathing frequency is not directly represented in the formula of 
WR and has to be determined separately. 
Jaeger and Otis (1964) have developed a formula for W_,. We introduced a 
modification in the denominator of this formula.The new formula was 
tested in a model and appeared to be reliable for W R values up to 
1.1 Joule. 
VL. is measured in a group of 116 patients with various diseases and 
compared with the forced expiratory volume after 1 second (FEV,) found 
in these patients because for the latter standard values are known from 
the work of many authors. In some patients discrepancies are found 
between these two parameters with respect to airway obstruction. 
Group I has abnormal FEV. values whereas the W values agree with those 
of the control group. 
Group II has normal FEV. values whereas high W R values are measured 
compared with the control group. Most patients of this group suffer 
fron scoliosis. 
Divergence between FEV. and W R with respect to airway obstruction is due 
to differences in the nature of the respective parameters: 
a. FEV. is measured at very high volume flow. WR is measured at volume 
flows occurring during quiet breathing. A large difference exists 
between the flow pattern during forced expiration (FEV.) ooitpared 
with that during quiet breathing (WR). 
b. Airway compression occurring during forced expiration (FEV.) may 
be absent during quiet breathing. 
c. Factors affecting FEV. and W R may be different: 
- forced expiration may be inpaired by muscle disease, 
- forced expiration nay be inpaired by high deformation resistance 
of thorax wall and lung tissue, 
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- Cooperation of the subject is more important during measurement 
of FEV . Pain during deep expiration, e.g., is a limiting factor 
in determining FEV,. 
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SAMENVATTING. 
Obstructieve longziekten komen zeer veel voor in het vochtige en door 
luchtvervuiling aangetaste klimaat van Noord-West Europa. 
Reeds gedurende een halve eeuw heeft men ernaar gestreefd parameters 
te vinden ,welke de graad van luchtweg-obstructie zouden kunnen aan-
geven. Men meent in de luchtweg-weerstand (R) een betrouwbare parameter 
gevonden te hebben cm een luchtweg-obstructie tijdens rustig ademen te 
kunnen vaststellen. Er blijken zich echter moeilijkheden voor te doen 
bij het gebruik van deze parameter: 
1. Bij gelijkblijvende drukgradient of volume verplaatsing per tijds-
eenheid kunnen verschillende waarden voor luchtwegweerstand gemeten 
worden. 
2. Veranderende drukgradient en veranderende volume verplaatsing per 
tijdseenheid tijdens de ademhaling veroorzaken een veranderend 
quotient van beide grootheden. 
3. De doorsnede en stereometrische configuratie van de luchtwegen 
veranderen tijdens de ademhaling. 
De onder 2 en 3 genoemde factoren veroorzaken een voortdurend wijzigen 
van het stroom-patroon in de luchtwegen. Dit voortdurend wijzigen van 
het stroom-patroon geeft op zich zelf weer een telkens wisselende waar-
de van de luchtwegweerstand.Het gebruik van een paramater wet een der-
gelijke variabiliteit om de nate van de luchtweg-obstructie te beschrij-
ven, is aanvechtbaar. 
Het doel van het onderzoek is het aangeven van een betrouwbare parameter 
om de mate van luchtweg-obstructie tijdens rustig ademen te beschrijven. 
De hoeveelheid arbeid,die nodig is om de luchtweg-obstructie te over-
winnen tijdens rustig ademen (W ) is naar onze opvatting een meer be-
trouwbare parameter.De voordelen van W zijn de volgende: 
R 
a. Het stroom-patroon behoeft geen gegeven te zijn bij berekenen van 
de waarde van VL. 
b. Het niveau, waarop de proefpersoon of patient ademt, en dat de door-
snede van de luchtwegen bepaalt, is in de formule voor WR vertegen-
woordigd door factor V . 
c. W R betreft, in tegenstelling tot de luchtweg-weerstand (R), de 
gehele cyclus van in- en uitademing, reet zijn veranderende druk-
gradient en veranderende volume verplaatsing per tijdseenheid. 
d. W is mogelijk een beter hanteerbare grootheid bij de bepaling van 
de totale hoeveelheid arbeid tijdens ademen en bij de bestudering 
van de energie-huishouding binnen het lichaam. 
e. W R is eenvoudig te bepalen en te meten in 2 tot 3 minuten zonder 
noemenswaardige belasting voor de patient. 
De nadelen zijn: 
1. Het is noodzakelijk een relatief dure lichaams-plethysmograaf aan te 
schaffen. 
2. Standaard-waarden voor diverse groepen personen zijn nog niet voor-
handen. Een uitgebreid onderzoek is nodig om de diverse standaard-
waarden te achterhalen. 
3. De ademfrequentie is als zodanig niet in de formula opgencmen en 
dient daarom als toegevoegd gegeven vermeld te worden. 
Jaeger en Otis hebben een formule voor WR ontworpen. Wij gebruiken deze 
formule, maar in de noemer vrordt een verandering aangebracht. De nieuw 
gevormde formule wordt getest aan de hand van proefnemingen bij een model. 
Het blijkt, dat de nieuw gevormde formule betrouwbaar is bij de bepaling 
van W R aan het model tot waarden van 1.1 Joules. 
WR vrordt gemeten bij een serie gezonde jonge proefpersonen tussen 18 en 
40 jaar. Deze groep vrordt de controle-groep genoemd. Het blijkt, dat 
W R gemeten bij rokers van deze groep een hoger gelegen gemiddelde waar-
de heeft dan die, gemeten bij niet-rokers van de groep. 
WR vrordt tevens gemeten bij een groep van ongeveer 116 patiënten, lij-
dend aan diverse ziekten en de WR vrordt vergeleken met de bij deze pa-
tienten gemeten maximaal uitgeademde lucht in 1 seconde (FEV,). Juist 
de FEV., wordt hiervoor gekozen, omdat van deze parameter verschillende 
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standaardwaarden bekend zijn uit diverse onderzoekingen. Ofschoon er een 
overeenkomst bestaat tussen afwijkende waarden voor FEV, en afwijkende 
(t.o.v. controle-groep) waarden voor WR, worden bij een groep patiënten 
verschillende waarden tussen beide parameters gevonden. 
Groep I heeft afwijkende waarden voor FEV., terwijl de waarden voor W R 
overeenkcnen net die van de controle-groep. 
Groep II heeft normale waarden voor FEV., terwijl de waarden voor W 
hoog uitvallen ten opzichte van de controle-groep. Bij navraag is ge-
bleken, dat meer dan de helft van de patiënten in deze groep lijdt aan 
scoliose. 
De verschillen tussen FEV en W ten aanzien van luchtweg-obstructie 
X к 
kunnen naar onze irening verklaard worden uit de volgende factoren: 
a. FEV. wordt gerieten bij extreem hoge stroomsnelheden, terwijl W R ge­
meten wordt bij stroomsnelheden voorkomend bij rustig ademen. Het 
strocm-patroon bij hoge stroomsnelheden verschilt sterk van dat tij­
dens rustig ademen. 
b. Compressie van de luchtwegen, welke optreedt tijdens snel uitademen, 
behoeft niet noodzakelijk voor te komen tijdens rustig ademen. 
с Bepaalde factoren, welke belangrijk zijn tijdens het bepalen van 
FEV,, behoeven niet van invloed te zijn op de grootte van W R: 
- spierziekten kunnen de waarde van FEV beïnvloeden 
- hoge vervormingsweerstand van thoraxwand en longweefsel kunnen bij 
geforceerde uitademing een belenmerende rol spelen 
- coöperatie van de patient is noodzakelijk bij het bepalen van FEV . 
Pijn bij diep geforceerde expiratie is een beperkende factor voor 
FEVj^ 
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APPENDIX I. 
ΔΡ
Α
 = 
"Bar 
.V (10) 
In this formula the quotient PBar/^
 i s
 changing during respiration 
because V varies between V and (V + V ) .Therefore, we have to look 
for a mean value of this quotient. 
If the temperature is constant the relationship between pressure and 
volume of an enclosed gas volume is ruled by Boyle's law: 
P.V = С 
If we have two gas volumes V and (V + V ) this relationship may be 
visualized in a P-V diagram by two curves P.V = С (V ) and P.V = C-
(V
o
 + V T ) : Figure 15. 
Fig, 15.Two curves : P.V = C. and P.V = C 2. 
Because the end-inspiratory pressure is equal to the end-expiratory 
pressure (= barometric pressure) a horizontal line is drawn from the 
83 
vertical axis in the diagram. This line crosses one curve in point 
E (P„ = P_ ), the other in point F (Ρ = Ρ ).From E and F perpen-E Bar F Bar 
dicular lines are drawn to the horizontal axis. The distance fron the 
projection of E on the horizontal axis to the origin is equal to V 
( = V ) ,that from the projection of F to the origin is equal to 
v
o +
v T (=vF). 
A line is drawn fron point F to the origin of the diagram, which 
crosses the other curve in point F'. 
In point E slope t to the curve is: 
dP PBar 
Tu dV V 
о 
In point F slope t to the curve is: 
dP PBar 
T- dV V + v
m 
Cl 
^Е
 = 
V 
4 
'
 ci 
In point F' slope t to the curve is: 
С Ρ
2 
dP ~L _ V 
V dV 2 " α
η V i 
The mean value of the slope ( t) between E and F' is: 
84 
So we may write the nean value of Ρ /V as: 
Ρ Ρ 
Bar
 =
 Bar 
V (maan) 
ν^ξΤΤ^") 
APPENDIX II: Results of W measurenents in patients. 
Name Sex Age Multergan 
years 
FEV1/VC% FEV. 
cm. 
X 
X 
X 
c. 
R. 
R. 
L. 
V. 
S. 
m 
m 
m 
f 
f 
m 
51 
59 
41 
36 
15 
59 
S. 
s. 
m 
m 
m 
28 
62 
65 
69/92 
57/59 
62.5/88 
35.5/93.5 
80.5/93.5 
56.5/89.5 
86/93 
35/73 
43/82 
63.5/97 
71.95 
77.5/84 
38 69 
33 54 
2425/3275 
1781/2468 
2047/2882 
1935/4714 
2656/3085 
1921/3043 
2408/2604 
1155/2475 
1472/2808 
3683/5626 
4260/5700 
2829/3066 
1596/2898 
1963/3213 
peak fi. V- f. W 
1/sec. cm c/min Joules 
5.1 
5.6 
6.7 
3.6 
6.2 
4.2 
6.8 
1.1 
2.0 
7.9 
8.3 
7.6 
2.9 
3.2 
1217 
1106 
1169 
1132 
973 
1015 
1249 
921 
889 
1196 
1185 
1270 
1386 
1280 
18 
18 
18 
18 
18 
15 
14 
24 
22 
18 
18 
14 
12 
14 
0.103 
0.091 
0.067 
0-310 
0.134 
0.183 
0.165 
0.702 
0.249 
0.103 
0.137 
0.399 
1.165 
0.406 
χ 
χ 
χ 
χ 
Name 
Κ. 
G. 
G. 
Ρ. 
Ν. 
V. 
S. 
L. 
W. 
Τ. 
J. 
R. 
Sex 
f 
m 
m 
f 
f 
m 
m 
m 
m 
f 
m 
m 
Age 
years 
43 
58 
56 
40 
68 
48 
18 
55 
72 
48 
60 
54 
Multergan 
+ 
+ 
+ 
+ 
+ 
+ 
Ь
,
Е
 1/ С% 
38/68,5 
61.5/94 
54/79 
55/82 
74.5/95 
65.5/95 
31.5/89 
47.5/85 
58.5/91 
75/89 
24/61 
34/68 
54/83 
50/79 
62,5/99 
65/91 
66/89 
45/90 
ьъ
 1 
3 
an 
1131/1968 
2152/3290 
1917/2804 
2475/3690 
1676/2137 
1605/2327 
772/2180 
2708/4845 
3422/5323 
3431/4072 
1164/2958 
1589/3179 
2052/3154 
2550/4029 
1275/2025 
1425/2000 
2850/3850 
1975/3375 
peak fi. 
l/sec. 
2.5 
4.7 
4.1 
5.3 
8.1 
4.1 
2.2 
4.3 
7.2 
7.7 
2.6 
3.6 
5.1 
6.8 
2.3 
7.6 
5.2 
т 
3 
cm 
1121 
1050 
1016 
1016 
1100 
1143 
910 
931 
1058 
1174 
1153 
1100 
1132 
1153 
857 
1163 
1005 
1111 
f. 
c/mir 
16 
16 
24 
24 
22 
18 
16 
16 
14 
16 
16 
16 
18 
16 
30 
27 
22 
28 
\ 
ι Joules 
0.268 
0.099 
0.461 
0.159 
0.446 
0.306 
0.697 
0.108 
0.131 
0.238 
0.829 
0-695 
0.396 
0.059 
0.416 
0.141 
0.035 
0.399 
00 
Nane Sex Age Multergan FEV1/VC% 
years 
+ 57/88 
X S. f 70 58.5/62 
+ 70/79.5 
S. m 74 29.5/59 
+ 34/60 
34/72 
60/87 
57/86 
+ 55/97 
82.5/97 
75/90 
56/87 
64/90 
+ 74/93-5 
49/82 
41/81 
40.5/91 
+ 62/92 
X 
к 
χ 
χ 
Η. 
Β. 
D. 
S. 
D. 
S. 
V. 
R. 
D. 
S. 
m 
m 
f 
f 
m 
f 
f 
m 
m 
m 
60 
61 
49 
21 
41 
45 
23 
48 
68 
65 
3 
cm 
2550/3950 
1000/1175 
1175/1350 
1275/2600 
1550/2750 
950/2050 
3025/4250 
1050/1550 
1350/2980 
3176/3734 
3650/4350 
1425/2200 
2350/3300 
3200/4175 
2325/3925 
1750/3475 
1675/3850 
2800/4050 
6.8 
2.7 
4.1 
3.3 
3.4 
2.8 
2.9 
4.1 
11.0 
8.7 
4.1 
5.3 
6.1 
4.8 
3.7 
5.0 
5.8 
cm c/min Joules 
1291 
974 
1111 
1153 
973 
1270 
1100 
952 
931 
942 
1291 
1079 
942 
1365 
1323 
1503 
1259 
1037 
27 
20 
24 
21 
21 
18 
20 
26 
26 
44 
14 
24 
21 
18 
14 
12 
12 
19 
0, 
0, 
0, 
0: 
0, 
0 
0, 
0 
о. 
0, 
0 
0 
0 
0 
0, 
0 
0 
0 
.298 
.113 
.104 
.821 
.405 
.917 
.086 
.686 
.496 
.266 
.169 
.571 
.155 
.119 
.488 
.135 
.152 
.048 
peak fi. 
1/sec. 
Name Sex Age Multergan 
years 
FEV1/VC% FEV, 
cm 
peak fl. 
1/sec. 
V,,. W, R 
cm c/min Joules 
R. m 15 
48 
W. 
s. 
K. 
f 
m 
23 
40 
62 
28 
XX 
XX 
к. 
в. 
D. 
Ζ. 
Zy. 
f 
m 
m 
f 
f 
29 
18 
38 
17 
17 
53/72 
75/94 
41.5/92 
51/90 
91/97 
26/74 
73/86 
45/65 
60/75 
49/82 
55.6/85 
85/96 
30/94.5 
37.5/94 
68.5/82 
93/97 
93/97 
2250/3000 
3375/4250 
725/1600 
1875/3100 
4850/5150 
900/2575 
2975/3525 
1975/2900 
2500/3150 
2050/3450 
3535/3825 
2750/3125 
1325/4175 
925/4775 
3650/4300 
3350/3550 
3350/3825 
2.0 
4.8 
9.9 
2.6 
6.6 
4.0 
5.7 
5-7 
7.1 
6-4 
4.3 
4.5 
8.8 
7.7 
8.1 
1016 18 
1206 21 
1048 18 
1079 18 
1048 16 
1217 21 
952 21 
1058 15 
1100 18 
1344 13 
1386 13 
836 26 
1323 20 
1333 20 
1196 20 
1090 18 
974 16 
0.525 
0.093 
0 .431 
0.301 
0.133 
1.189 
0-193 
0.226 
0.042 
0.298 
0.101 
0.073 
1-103 
0.736 
0.039 
0.311 
0.297 
Name Sex Age Multergan FEV,/VC% FEV, peak fl. V„ f. W 
J- J- X ¡\ 
3 3 
years cm 1/sec. cm c/min Joules 
K. 
E. 
M. 
V. 
T. 
G. 
V. 
R. 
K. 
M. 
s. 
J. 
m 
f 
f 
f 
m 
f 
f 
f 
m 
m 
m 
m 
41 
15 
22 
54 
69 
14 
12 
17 
48 
46 
22 
41 
+ 
+ 
+ 
+ 
+ 
55/82 
61/90 
94.5/96 
93.5/94 
86-5/99 
44 81 
50.5/88 
28.5/56-5 
37/64 
72/99 
81/89.5 
76/93.5 
75.5/93.5 
55/79 
82.5/97 
69/81.5 
70/94 
2375/3775 
3200/4700 
2975/3025 
2875/2900 
2000/2300 
1350/2500 
1725/3000 
925/1825 
1175/2075 
1925/2350 
2000/2200 
2450/2950 
2400/2950 
2950/4975 
4413/5190 
3750/4975 
3850/5250 
5.4 
7.6 
7.3 
7.5 
5.4 
2.5 
4.4 
1.2 
2.6 
4.3 
5.2 
6.6 
7.3 
7.4 
8.7 
8.3 
9-8 
1355 
1735 
1153 
1376 
847 
984 
1228 
1249 
1259 
868 
995 
963 
1090 
1587 
1132 
1227 
1217 
16 
12 
20 
20 
21 
24 
16 
18 
18 
26 
24 
26 
21 
16 
18 
14 
14 
0.312 
0.123 
0.439 
0.874 
0.172 
0.906 
0-249 
0.799 
0.551 
0-162 
0.181 
0.20 
0.105 
0-188 
0.124 
0.202 
0.291 
Name Sex Age Multergan FEV1/VC% 
years 
D. 
A. 
V. 
K. 
J. 
G. 
N. 
R. 
T. 
B. 
K. 
M. 
w. 
s. 
f 
m 
m 
m 
m 
m 
m 
f 
m 
f 
m 
m 
m 
m 
31 
63 
73 
18 
55 
53 
6 
57 
51 
26 
54 
47 
18 
73 
+ 
+ 
+ 
80/98 
40.5/70 
46.5/82 
65/70 
89/94 
52/87 
75/92 
69/80 
73/90 
63/95 
73/92 
86/90 
45/64 
45/67 
67.5/93 
94/96 
50.5/83 
РЕ
 1 peak fi. V T f. W R 
3 3 
cm l/sec. απ c/min Joules 
2200/2650 
800/1475 
1075/1875 
2400/2575 
5450/6400 
2350/3950 
2825/3700 
775/900 
1675/2050 
2525/3800 
2700/3400 
3268/3420 
1775/2555 
1325/2025 
3325/4600 
4625/4725 
1625/2675 
6.1 
1.6 
2.9 
5.3 
11.7 
7.1 
9.6 
1.6 
6.0 
6.3 
6.6 
6.7 
4.6 
4.1 
8.5 
10.5 
5.0 
788 
1291 
1429 
1100 
1410 
1490 
1250 
630 
1050 
1230 
1185 
1140 
1030 
1050 
1100 
1260 
1240 
28 
16 
16 
14 
16 
14 
16 
17 
24 
14 
20 
18 
20 
20 
22 
16 
16 
0.065 
0.744 
0.454 
0.1 
0.132 
0.136 
0.326 
0.382 
0.303 
0.228 
0.237 
0.239 
0.513 
0.087 
0.305 
0.289 
Name Sex Age Multergan FEV /VC% 
years 
+ 55/79 
88/96 
82/91 
38/75 
43/74 
+ 49/74 
71/94 
80/90 
83/96.5 
+ 52/69 
m 71 43/60 
+ 52/68 
78/98 
63/90 
61/96 
71/94 
59/78 
В. 
V. 
s. 
M. 
L. 
H. 
J. 
f 
m 
f 
m 
m 
m 
f 
24 
30 
41 
49 
49 
20 
48 
S. 
B. 
L. 
W. 
P. 
m 
m 
m 
m 
m 
45 
70 
51 
49 
68 
F E ^ peak fi. V T f. W R 
3 3 
cm 1/sec. cm c/min Joules 
1800/2600 
2950/3250 
4675/5200 
800/1700 
1550/2700 
1200/2250 
3100/5400 
5825/5900 
2650/3075 
2500/3425 
1500/2050 
1800/2400 
3250/3950 
1750/2350 
2500/3875 
3425/4550 
1475/2025 
6.1 
7.2 
10-8 
1.9 
5.4 
5.8 
9.2 
9-5 
6.6 
3.2 
7-5 
7-1 
5.7 
9.5 
3.7 
1360 
950 
1100 
1100 
1240 
1190 
1250 
1200 
940 
1480 
1000 
980 
1030 
1230 
1150 
1070 
1180 
16 
20 
18 
18 
24 
22 
14 
14 
22 
27 
18 
20 
20 
20 
20 
20 
18 
0-147 
0.242 
0.130 
0.304 
0.398 
0.386 
0.111 
0.126 
0.135 
0.125 
0.606 
0.132 
0-049 
0.066 
0.337 
0.227 
0.114 
Name 
W. 
D. 
J. 
H. 
X L. 
X T. 
X W. 
С. 
К. 
В. 
w. 
T. 
Sex 
m 
f 
m 
m 
m 
m 
f 
m 
m 
f 
m 
m 
Age 
years 
17 
49 
60 
58 
62 
54 
60 
37 
51 
42 
54 
54 
Mulffirgan 
+ 
+ 
+ 
+ 
+ 
І;
,
Ь
 1/ С% 
87.5/93 
63/93 
66/91 
28/94 
73/88 
57/89 
60/78 
54/82 
57/90 
62/89 
42/90 
60/96 
59/90 
42/77 
52/87 
70/88 
34/88 
ь
,
ь
 1 
cm 
5450/5875 
1900/2850 
1850/2600 
950/3225 
2500/2975 
2450/3750 
2400/4050 
2900/4050 
3100/4700 
1625/2325 
1675/3575 
2575/4125 
2650/4175 
1175/2150 
1450/2425 
2400/3050 
1700/4375 
peak fi. 
l/sec. 
10.1 
5-7 
4.3 
3.4 
7.8 
6.4 
7.5 
6.4 
9.3 
5.8 
4.6 
7.3 
4.6 
3.1 
8-7 
3.4 
VT 
απ
3 
1503 
930 
1210 
1175 
1370 
1295 
1285 
890 
770 
1020 
1086 
1096 
1325 
1002 
866 
1241 
1102 
f. WR 
c/min Joules 
12 
20 
18 
14 
18 
20 
20 
24 
21 
18 
12 
13 
14 
20 
24 
14 
20 
0.854 
0.277 
0.125 
1.125 
0.519 
0.149 
0-162 
0.057 
0.084 
0.120 
0.762 
0-110 
0.084 
0-634 
0.331 
0.45 
0.444 
Name Sex Age Multergan FEV1/VC% 
years 
H. 
H. 
M. 
T. 
K. 
H. 
P. 
D. 
V. 
L. 
f 
f 
f 
f 
m 
m 
f 
m 
m 
m 
38 
41 
59 
52 
58 
58 
40 
66 
40 
38 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
33/79 
68/90 
73/90 
66/91 
69/97 
49/81 
57/93 
33.5/84 
42/94 
47/86 
78.5/93 
61/97 
59/85 
37.5/88 
41/80 
63/90 
67/91 
FEVj^  peak fi. V T f. W R 
3 3 
cm 1/sec. an c/min joules 
2150/5025 
2325/3050 
2800/3450 
1900/2650 
2100/2800 
1400/2325 
2350/3700 
1300/3250 
1950/4425 
1875/3425 
2750/3250 
1625/2600 
2775/4000 
1175/2775 
1525/2950 
3825/5400 
4425/5950 
5.2 
5.5 
5.8 
6.3 
5.4 
7.2 
4.0 
5.7 
4.6 
8.2 
4.6 
5.4 
3.8 
4.5 
7.6 
9-5 
1049 
1011 
1137 
731 
773 
1168 
1147 
1269 
1175 
1179 
1148 
1164 
1711 
1426 
1301 
1190 
1135 
20 
22 
22 
28 
28 
15 
18 
24 
18 
18 
16 
18 
12 
20 
16 
18 
18 
0.242 
0.107 
0.158 
0.106 
0.138 
0-254 
0-076 
0.420 
0-420 
0.097 
0.172 
0.335 
0.079 
1.270 
0.557 
0.030 
0.077 
Name Sex Age Multergan FEV^/VCl 
years 
m 37 61/92 
+ 66/91 
XX К. m 43 76/96 
62/87 
82/96 
63/87 
+ 61/90 
M. f 25 56/85 
+ 68/90.5 
73/94 
XX В. m 29 74/92 
V. 
T. 
H. 
m 
f 
f 
68 
10 
48 
L. 
M. 
W. 
K. 
m 
m 
f 
m 
32 
35 
28 
64 
84/98 
XX 80/90 
18.5/81 
+ 21.5/85 
FEV1 
3 
cm 
2900/4350 
3275/4950 
3250/4100 
2300/3250 
1075/1225 
1775/2475 
1925/2850 
2500/3775 
3300/4200 
3875/4950 
2300/2900 
3950/4600 
3600/2025 
850/3750 
1175/5250 
5.9 
8.2 
7.6 
7.8 
9.2 
5.2 
6.2 
6.7 
7.4 
11.1 
8-1 
9-7 
9.5 
2-8 
3.5 
v T f. WR 
cm c/itiin Joules 
1356 
1220 
866 
1478 
823 
876 
790 
1054 
1095 
1307 
1234 
1201 
1107 
1450 
1261 
18 
18 
22 
16 
33 
21 
22 
20 
20 
18 
20 
20 
20 
15 
15 
0 
0 
0-
0. 
0. 
o. 
0 
0, 
0 
0 
0, 
0, 
0. 
1. 
0. 
.113 
.078 
.234 
.199 
.379 
.050 
.249 
.068 
.057 
.149 
.390 
.331 
.506 
.072 
,143 
peak f i . 
l/sec. 
95 
Curriculum vitae. 
De schrijver van dit proefschrift is op 11 november 1939 geboren te 
Rotterdam.In juni 1959 behaalde hij het diploma gymnasium-B aan het 
Stanislascollege te Delft.Hij studeerde medicijnen aan de Rijksuniver-
siteit te Leiden alwaar hij op 23 juni 1967 het artsexamen met goed 
gevolg kon atleçgen. Na het vervullen van de militaire dienst ging hij 
in opleiding bij Prof.dr.J.F.Crul te Nijmegen voor het specialisme 
anaesthesiologie. In 1972 kreeg hij de gelegenheid te gaan werken bij 
dr. H.H.Beneken Kolmer,lector in de anaesthesiologie in het bizonder 
de pathofysiologie van de ademhaling aan de Katholieke Universiteit 
te Nijmegen en hoofd van het longfunctielaboratorium van het St.Rad-
boudziekenhuis aldaar.Hij vestigde zich in 1975 als anaesthesist te 
Almelo.Sinds februari 1976 is hij tevens als wetenschappelijk hoofd-
medewerker verbonden aan het Centrum voor Medische Techniek van de 
Technische Hogeschool te Delft. 



STELLINGEM . 
1. Omdat drukverval en strocmsnellieid in de luchtwegen van de mens 
met-proportioneel veranderen en met op hetzelfde tijdstip meet-
baar zijn,dient het begrip luchtwegweerstand bij de beschrijving 
van een obstructie in de luchtwegen achterwege te blijven. 
(Hoofdstuk II-A.) 
2. Tussen rokers en niet-rokers blijkt een verschil aantoonbaar te 
zijn in arbeid,welke nodig is cm de luchtwegobstructie te over-
winnen. 
(Hoofdstuk V-E.) 
3. Er zou een onderzoek ingesteld moeten worden naar de aard en de 
mate van luchtwegobstructie bij jonge scoliose-patiënten »waarbij 
normale waarden voor FEV.,Ρΐν
η
 en peak flow gemeten worden,doch 
waarbij de arbeid om de luchtwegobstructie te overwinnen hogere 
waarden heeft dan die uit de contrôle-groep. 
(Hoofdstuk VI-B.) 
4. Het verbod tegen het oprichten van een beademings-afdeling,opge-
legd door de overheid aan het grotere streekziekenhuis met meer 
dan 500 bedden, zal de vaak gewenste postoperatieve beademing in 
de praktijk onmogelijk maken. Daardoor wordt aan de patiënt uit 
de regio van een dergelijk streekziekenhuis een onvolledig en 
veelal onvolwaardig pakket geneeskundige zorg aangeboden. 
(Rondschrijven van het Ministerie van Volksgezondheid en Milieu-
hygiene, nr. 70978 DG Vgz/VKG.) 
5. Het verdient de voorkeur aan kinderen ,waarbij een adenotonsil-
ectomie volgens Sluder wordt uitgevoerd, een inhalatie-anaesthe-
sie toe te dienen zonder intubatie bij zittende houding van het 
kind. Als voordelen gelden een snel te sturen anaesthesie,minima-
le stuwing in het halsgebied en het achterwege blijven voor het 
kind van het gevreesde tweede prikje. 
(Symposium van de Afdeling Anaesthesiologie van het Academisch 
Ziekenhuis bij de Universiteit van Amsterdam, 27 april 1978.) 
6. Voor een nauwkeurige begeleiding van de patient in het ziekenhuis 
behoort het tijdig vastleggen van zijn ziektegeschiedenis en behan-
delingswijzen in een status, welke eigendom is van het ziekenhuis 
en beheerd wordt door het hoofd van de verpleeg- c.q. polikliniek-
afdeling, afdwingbaar te zijn. 
(Intercollegiale toetsing in algemene ziekenhuizen. Rapport van een 
gemeenschappelijke cortmissie ingesteld door de Geneeskundige Vereni-
ging t.b.v.h. Ziekenhuiswezen en de L.S.V.,Conclusie VIII-3 en IX.) 
7. De medicus mist door zijn gebrekkige opleiding in de exacte vakken 
vaak een hechte basis voor het verrichten van medisch wetenschappe-
lijk onderzoek. 
( De basisvakken en de Geneeskunde. Prof.dr.H.Galjaard, N.T.v.G., 
jrg.l21,nr.43, 1977.) 
8. De "biomedisch technoloog" zal bij zijn opleiding kennis van (me-
dische) ethiek bijgebracht dienen te worden,zodat een eigen ver-
antwoordelijkheidsgevoel zich bij hem kan ontwikkelen voor patiën-
ten en proefdieren waarop hij zijn vaardigheden toepast. 
9. Kippen in een legbatterij zouden één vreugde in hun bestaan kunnen 
vinden,namelijk dat hun producten worden opgedrongen aan mensen in 
een consumptiebatterij. 
(Een dier kan duizendmaal sterven, Ds.H.Bouma.) 


